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Abstract Fisetin and hesperetin, naturally occurring flavo-
noids, have been reported as novel antioxidants with
chemopreventive/chemotherapeutic potential against various
types of cancer. However, their mechanism of action in CML
is still unknown. This particular study aims to evaluate the
therapeutic potentials of fisetin and hesperetin and their effects
on cell proliferation, apoptosis, and cell cycle progression in
human K562 CML cells. The results indicated that fisetin and
hesperetin inhibited cell proliferation and triggered pro-
grammed cell death in these cells. The latter was confirmed
by mitochondrial membrane depolarization and an increase in
caspase-3 activation. In addition to that, we have detected S
and G2/M cell cycle arrests and GO/G1 arrest upon fisetin and
hesperetin treatment, respectively. To identify the altered
genes and genetic networks in response to fisetin and
hesperetin, whole-genome microarray analysis was per-
formed. The microarray gene profiling analysis revealed some
important signaling pathways including JAK/STAT pathway,
KIT receptor signaling, and growth hormone receptor signal-
ing that were altered upon fisetin and hesperetin treatment.
Moreover, microarray data suggested potential candidate
genes for targeted CML therapy. Fisetin and hesperetin signif-
icantly modulated the expression of genes involved in cell
proliferation and division, apoptosis, cell cycle regulation,
and other significant cellular processes such as replication,
transcription, and translation. In conclusion, our results
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suggest that fisetin and hesperetin as potential natural agents
for CML therapy.
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Introduction

Chronic myeloid leukemia (CML) is a hematological malig-
nancy derived from a balanced reciprocal translocation includ-
ing the genes, Abelson murine leukemia virus (ABL) and
breakpoint cluster region (BCR), which are located on the
long arms of chromosome 9 and chromosome 22,
1(9;22)(q34;q11), respectively [1]. This translocation creates
the Philadelphia chromosome (Ph), which encodes the chime-
ric constitutively active BCR-ABL1 kinase protein [2]. BCR-
ABLI triggers the development of CML phenotype by acti-
vating various downstream signaling pathways responsible
for uncontrolled cell proliferation and reduced apoptosis [3].
Despite imatinib and other tyrosine kinase inhibitors targeting
BCR-ABLI provide great success in CML treatment, resis-
tance to these inhibitors, observed intolerance, and detrimental
side effects still form therapeutic difficulties [4]. Therefore,
alternative novel strategies are needed, and plant-derived nat-
ural substances are being investigated for their potentials in
cancer prevention and treatment.

Recently, natural compounds obtained from fruits, vegeta-
bles, and herbs have been considered as potential chemopre-
ventive and chemotherapeutic agents due to their non-toxic
nature and usage for a long time without any adverse effects
[5]. One of the compounds found in plants is flavonoids, nat-
urally occurring polyphenolic compounds that possess various
pharmacological features including antioxidative, anticarcino-
genic, anti-inflammatory, antibacterial, immune-stimulating,
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and antiviral effects [6]. They have been reported to prevent
the initiation, promotion, and progression of cancer by mod-
ulating various signaling pathways resulted in the control of
cell growth and differentiation, apoptosis, angiogenesis, and
metastasis [7].

Fisetin (3,3',4',7-tetrahydroxyflavone), a common flavonol
molecule, found in various plants including strawberry, apple,
persimmon, grape, onion, and cucumber has been reported to
possess broad biological activities involving anticancer,
antiangiogenic, anti-inflammatory, and anti-metastatic effects
[8]. In the literature, there is a wide range of studies evaluating
both in vitro and in vivo effects of fisetin on various cancer
types including colon cancer [9], prostate cancer [10], pancre-
atic cancer [11], lung cancer [12], and multiple myeloma [13],
but there is a gap related to investigation of the therapeutic
potential of fisetin and its mode of actions in CML. Despite
the underlying mechanisms of fisetin display variations in
different cancer types, fisetin triggers its growth inhibitory
effects by activating both the death receptor mediated and
the intrinsic pathways of apoptosis [9, 10] in addition to alter-
ations in cell cycle regulators [5] and inhibition of signaling
pathways including PI3K/Akt and NF-«kB [14]. In a recent
study, fisetin has been shown to trigger apoptosis in human
acute monocytic leukemia cells through induction of nitric
oxide production, which results in double strand breaks [15].
Fisetin potentiated sorafenib-induced apoptosis of melanoma
cells by inhibiting PI3K signaling pathway, which is charac-
terized by decreases in PI3K expression and phosphorylation
of MEK1/2, ERK1/2, AKT, and mTOR [16].

Hesperetin (3',5,7-trihydroxy-4-methoxyflavonone) is
aglycone form of hesperidin, which is commonly found in
citrus species such as orange and lemon [17]. Hesperidin de-
rived from diet is converted to hesperetin via deglycosylation
by intestinal bacteria before absorption. Therefore, hesperidin
could be a pro-drug, which is metabolized to hesperetin [18].
These citrus flavonones have been characterized by their an-
tioxidant, anti-inflammatory, and anticancer actions [17]. Its
anticancer activities have been shown to be mediated by
inhibiting proliferation/inducing apoptosis and inhibiting an-
giogenesis in various cancers such as breast cancer, cervical
cancer, and colon cancer [19-21]. Molecular mechanisms re-
sponsible for hesperetin-induced apoptosis include cell cycle
arrest by regulating cell cycle regulators [22], increases in
several caspases like caspase-3 and caspase-9 [21] and down-
regulation of antiapoptotic proteins [23]. Hesperetin triggered
apoptosis in MCF-7 breast cancer cells through activation of
ASK1/INK pathway and accumulation of ROS [19].
Hesperetin was shown to inhibit the growth of gastric cancer
cells both in vitro and in vivo [24]. In this study, hesperetin
treatment resulted in an increase in the levels of AIF, Apaf-1,
Cyt C, caspase-3, caspase-9, and Bax and a decrease in Bcl-2
levels. However, the underlying mechanisms of hesperetin in
CML cells remain unidentified yet.
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The purpose of this study is to investigate the modes of
action of fisetin- and hesperetin-induced antileukemic effects
on CML cells by evaluating their roles in cell growth, induc-
tion of apoptosis, changes in caspase-3 enzyme activity, mito-
chondrial membrane disruption, and cell cycle distribution.
We also identified for the first time the genes and genetic
networks which are altered in CML upon fisetin and
hesperetin treatment.

Materials and methods
Chemicals

Fisetin (purity >98 %) and hesperetin (purity >95 %) were
purchased from Santa Cruz Biotechnology, Inc (Heidelberg,
Germany). Stock solutions (10 mM) of these agents dissolved
in DMSO were prepared and kept at —20 °C. The final DMSO
concentration does not exceed 0.1 % in culture which is not
cytotoxic. Penicillin-streptomycin, RPMI 1640, and fetal bo-
vine serum were purchased from Invitrogen (Paisley, UK).
MTT reagent was obtained from Sigma (St. Louis, MO).

Cell lines and culture conditions

Human K562 CML cells purchased from German Collection
of Microorganisms and Cell Cultures (Braunschweig, Germa-
ny) were grown in RPMI 1640 growth medium supplemented
with 10 % fetal bovine serum and 1 % penicillin-streptomycin
at37°Cin 5 % CO,.

Evaluation of antiproliferative effects by MTT assay

Growth inhibitory effects of fisetin and hesperetin on K562
cells were evaluated by the MTT cell proliferation assay.
Briefly, 1x10* cells were treated with step-wise increasing
concentrations of fisetin and hesperetin for 48 and 72 h. Then,
the cells were incubated with 20 pl MTT for 3 h. The resulting
formazan crystals were homogenized by adding 100 ul
DMSO. The absorbance values were measured at 570 nm
wavelength using an ELISA reader (Thermo Electron Corpo-
ration Multiskan Spectrum, Finland). Finally, the obtained cell
proliferation plots were used to calculate the ICs, value (drug
concentration inhibits cell growth by 50 %) of these agents.

AnnexinV-FITC/PI double staining to evaluate apoptosis

The movement of phosphatidylserine (PS) from the inner leaf-
let to the outer leaflet was measured (Annexin V-FITC Apo-
ptosis Detection Kit, BioVision Research Products, USA) to
determine apoptotic effects of fisetin and hesperetin on CML
cells. Initially, increasing concentrations of fisetin and
hesperetin were introduced into 5x10° cells for 72 h. After
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the washing of the cells twice with cold PBS and homogeni-
zation with 200 ul of 1x binding buffer, they were incubated
with 2 ul of FITC-Annexin V and 2 ul of propidium iodide
(PI) for 15 min at room temperature in the dark. Afterwards,
samples were analyzed by flow cytometry (BD Facscanto
Flowcytometry, Belgium).

Detection of changes in mitochondrial membrane
potential

Alterations in mitochondrial membrane potential (MMP) were
detected by JC-1 Mitochondrial Membrane Potential Detection
Kit (Cayman Chemicals, USA) containing a unique cationic dye,
JC-1. Briefly, 5x10° cells were collected by centrifugation at
180 g for 10 min after treatment for 72 h. Then, 30 pl of JC-1
dye was added to the cells and incubated for 30 min. Then,
absorbance values were measured by fluorescence ELISA reader
(Thermo Varioskan Spectrum, Finland). Healthy cells produce
red color with an absorption/emission maxima of 560/595 nm,
whereas apoptotic cells form green color with an absorption/
emission maxima of 485/535 nm. The ratio of green to red in-
tensities was calculated for all samples.

Detection of changes in caspase-3 activity

Caspase-3 activity is detected using a caspase-3 colorimetric
assay kit (BioVision Research Products, USA). Briefly, the cells
(5%10° cells/2 mL) were centrifugated at 180xg for 10 min
after inducing apoptosis by fisetin and hesperetin. Then, the
cells were lysed by adding 50 ul of chilled cell lysis buffer on
ice for 10 min. Fifty microliters of supernatants, collected by
centrifugation at 10,000xg for 1 min, was mixed with the reac-
tion mixture containing 50 pl of 2% reaction buffer with 10 mM
DTT and 5 pl of DEVD-pNA substrate in 96-well plates. Fol-
lowing incubation for 2 h at 37 °C, the absorbance values were
detected at 405 nm wavelengths by ELISA reader. Total protein
concentrations determined by Bradford method were used to
normalize the absorbance values.

Determination of cell cycle distribution by flow cytometry

In short, 5% 10° cells/2 mL treated with increasing concentra-
tions of fisetin and hesperetin for 72 h were centrifugated at
260xg for 10 min, and the pellets were suspended in 1 mL
cold PBS. Afterwards, the cells were fixed with cold ethanol
and incubated overnight at —20 °C Then, the cells were col-
lected at 260xg for 10 min and resuspended with 1 mL PBS
containing 0.1 % triton X-100. One hundred microliters of
RNase A (200 pg/mL) was added to these cells, and incuba-
tion was carried out at 37 °C for 30 min. Afterwards, the
samples were treated with 100 pl PI (1 mg/mL) and incubated
at room temperature for 15 min, and then analyzed by flow

cytometry.

Analysis of changes in genome-wide gene expression
profiles

The quality of total RNA (Nucleospin Total RNA isolation kit
(Machery-Nagel, USA) isolated from K562 cells upon treat-
ment with fisetin (50 and 100 uM) and hesperetin (100 and
150 uM) was assessed in terms of A260/A280 ratio, which
should be between 1.9 and 2.1 for further analysis. Expression
profiling is accomplished using the Illumina Human HT-12v4
beadchip microarrays (containing ~47,000 transcripts: ~30,
000 genes) (Illumina, Inc., San Diego, CA). Firstly, 500 ng
of total RNA was converted to cDNA, which was then biotin
labeled by in vitro transcription process to generate biotin-
labeled cRNA using the Illumina Total Prep RNA Amplifica-
tion Kit (Ambion, USA) according to manufacturer’s instruc-
tions. Then, 1.5 pg of labeled cRNA was used for hybridiza-
tion according to the Illumina whole-genome gene expression
direct hybridization assay protocol. Afterwards, arrays were
scanned using the Illumina BeadArray Reader to measure
fluorescence intensity at each probe. The obtained images
were processed and converted into signal intensities using
the [llumina GenomeStudio software (Illumina, Inc.)

Statistical analyses

One-way analysis of variance (ANOVA) for MTT analyses and
two-way ANOVA for Annexin V, MMP, caspase-3 activity, and
cell cycle analyses were performed using GraphPad Prism soft-
ware. The results were rendered statistically significant if P val-
ue is <0.05. The obtained data files were analyzed using the
[llumina Genome Studio software to determine gene expression
signal intensities. The resulting data sets were used to construct
hierarchical gene clusters with the statistically significant
(P<0.05) genes by evaluating the “proximity” between them.
Differentially expressed genes were determined when logarith-
mic gene expression ratios in three independent hybridizations
were more than 1.5 or less than 0.66 and when the P values were
less than 0.05. For each comparison, we obtained the list of
differentially expressed genes constrained by P value <0.05
and at least 2.0-fold change. Gene ontology and pathway anal-
yses were carried out by using the Kyoto Encyclopedia of Genes
and Genomes (KEGG) and Ingenuity Pathway Analysis (IPA;
Ingenuity Systems, Redwood City, CA).

Results

Fisetin and hesperetin inhibit growth of K562 cells

The growth inhibitory effect of fisetin and hesperetin on K562
cells was studied by performing MTT assay. Cells were treated

with different concentrations of fisetin and hesperetin (1—
200 uM) for different time points (48—72 h). Figure 1a shows
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the chemical structures of fisetin and hesperetin. Results
showed that fisetin and hesperetin inhibited the cell growth
effectively in a dose- and time-dependent manner. 1Csq (inhi-
bition of cell viability by 50 % at a particular concentration)
values at 48 and 72 h were determined to be as 163 and
120 uM for fisetin (Fig. 1b) and 179 and 162 uM for
hesperetin, respectively (Fig. 1c).

Fisetin and hesperetin induce apoptosis of K562 cells

In order to determine whether the growth inhibitory ef-
fect of fisetin and hesperetin is due to the induction of
apoptosis, the cells were incubated with increasing con-
centrations of the agents for 72 h. The percentage of
cells undergoing apoptosis upon treatment (50—
200 uM) was detected by flow cytometry. The increase
in the apoptotic cells was dose dependent in cells treat-
ed with fisetin or hesperetin. However, increasing con-
centrations of fisetin was more effective with 5.4-, 9.5-,
and 11.6-fold increase than hesperetin with 1.27-, 1.8-,
and 4.3-fold increases for 50, 100, and 200 uM respec-
tively compared to untreated controls in K562 cells
(Fig. 2a, b). Although both fisetin and hesperetin induce
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Fig.1 Chemical structures of fisetin and hesperetin (a). Cytotoxic effects
of fisetin (b) and hesperetin (¢) on K562 cells with statistical analysis. The

ICs values of fisetin and hesperetin were determined based on the cell
proliferation plots. The data obtained from three independent experiments
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apoptosis in a dose-dependent manner, results of
Annexin V/PI staining clearly demonstrated that fisetin
triggers the highest induction of apoptosis.

Involvement of the mitochondria in fisetin-
and hesperetin-induced apoptosis in K562 cells

Mitochondrial membrane permeabilization/depolarization is
involved in apoptosis, which results in the release of cyto-
chrome ¢ and caspase activation [25]. The effects of fisetin
and hesperetin on MMP were evaluated by using JC-1 dye-
based method. The mitochondria of untreated control cells
exhibited strong red JC-1 fluorescence, which is an indication
of mitochondrial membrane polarization. However, fisetin-
treated cells showed an increased green fluorescence, which
is indicative of mitochondrial membrane depolarization.
There were 1.03-, 1.25-, and 80-fold increases in the loss of
MMP in K562 cells treated with 50, 100, and 200 uM fisetin,
respectively, compared to untreated control cells (Fig. 3a). As
shown in Fig. 3b, there were 1.7-, 2.4-, and 2.5-fold increases
in loss of MMP in hesperetin-treated K562 cells in response to
50, 100, and 200 uM agents, respectively. Although
hesperetin disrupted MMP in a dose-dependent manner, the
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are presented as mean+SEM. If the error bars are not seen, they are
smaller than the thickness of the lines on the graphs. Statistical analysis
was performed using one-way analysis of variance and P<0.05 was
considered to be significant
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highest concentration of fisetin treatment displayed the stron-
gest effect on MMP in K562 cells.

Fisetin and hesperetin increase caspase-3 activity in K562
cells

Next, we examined whether fisetin and hesperetin treat-
ment activated caspase-3, which is an important marker
of apoptosis. Following treatment of the cells with in-
creasing concentrations of the agents for 72 h, the
cleavage of the labeled substrate DEVD-pNA was used
to measure the changes in caspase-3 enzyme activity. In
fisetin-treated K562 cells, there were 1.3-, 1.6-, and 1.8-
fold increases in caspase-3 enzyme activity in response
to 50, 100, and 200 puM fisetin, respectively, as com-
pared to untreated controls (Fig. 4). On the other hand,
there were no significant changes in caspase-3 enzyme
activity of K562 cells treated with 50 and 100 uM
hesperetin but there was a significant (2.8-fold) increase
in response to 200 pM hesperetin (Fig. 4).
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Fig.4 Alterations in caspase-3 enzyme activity in response to fisetin and
hesperetin in K562 cells. The data obtained from, the means of three
independent experiments are presented as mean+SEM. If not seen, they
are smaller than the thickness of the lines on the graphs. P<0.05 was
considered to be statistically significant after the analysis using two-way
analysis of variance
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Fisetin arrested cell cycle at both S and G2/M phases while
hesperetin at G0/G1 in K562 cells

In order to identify whether growth inhibitory effects of
fisetin and hesperetin are due to the blockage in cell cycle
progression, we evaluated their potential roles on cell cy-
cle by flow cytometry and the percentages of cells in GO/
Gl, S, and G2 M phases were calculated. The cell cycle
progression of fisetin-treated K562 cells was arrested at
both S and G2/M phases, which was accompanied by a
reduction in the GO/G1 phase in a dose-dependent manner
(Fig. 5a). The percentage of the cells accumulating in S
phase were 40.26 (Control), 48.04 (20 uM), and
77.045 % (50 uM) while the values at G2/M phase were
2.1 (Control), 4.68 (20 uM), and 8 (50 uM). Furthermore,
the GO/G1 phase of the cell cycle distribution was 57,645
(Control), 47,285 (20 uM), and 15,955 % (50 uM).
Hesperetin treatment with only a concentration of
200 uM (73.83 %) resulted in a significant increase in
cell population at the GO/G1 phase of the cell cycle with
respect to control (50.08 %) (Fig. 5b). Furthermore, there
was a dose-dependent decrease in the S phase population
of the cell cycle upon hesperetin treatment (Control:
46.78 %, 50 uM: 40.49 %, 100 uM: 40.39 %, 200 puM:
22.7 %).

Identification of genes differentially expressed in fisetin-
and hesperetin-treated K562 cells

In order to determine the changes in the gene expres-
sion levels in K562 cells treated with fisetin (50 and
100 uM) and hesperetin (100 and 150 uM), hierarchical
clustering of gene expression in untreated (Control),
fisetin- and hesperetin-treated K562 cells was performed
(Fig. 6). The isolated total RNA was amplified and con-
verted to biotin-labeled cRNA, which was hybridized to
microarray system containing approximately 30,000
genes.

A total of 553 and 1734 genes were significantly
regulated (P<0.05) in 50 and 100 puM fisetin-treated
K562 cells, respectively. The number of upregulated
genes were 286 whereas those of downregulated ones
were 267 in 50 puM fisetin-treated cells. In 100 pM
fisetin-treated cells, 806 genes were upregulated while
928 genes were downregulated. Both 50 and 100 uM
fisetin treatment resulted in the upregulation of common
genes such as nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor, alpha (NFKBIA),
Phorbol-12-myristate-13-acetate-induced protein 1
(PMAIP1/NOXA), cyclin-dependent kinase inhibitor
1A, p21 (CDKNI1A), growth arrest and DNA damage
inducible 45 beta (GADD45B), and several MT
(metallothionein) genes (Table 1). On the other hand,
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it was clearly understood from Table 1 that different
concentration of fisetin caused the upregulation of dis-
tinct genes in K562 cells. For instance, 50 uM fisetin
upregulated nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor, zeta (NFKBIZ) and
Growth arrest and DNA damage inducible 45 alpha
(GADD45A) while 100 uM fisetin treatment resulted
in the upregulation of cyclin-dependent kinase inhibitor
2D, p19 (CDKN2D), TXNIP, and SMADS. Furthermore,
MYC (v-myc avian myelocytomatosis viral oncogene
homolog), MYB (v-myb avian myeloblastosis viral on-
cogene homolog), C-KIT (v-kit Hardy-Zuckerman 4 fe-
line sarcoma viral oncogene homolog), several tubulin
family members such as TUBA1A and TUBAL3 were
examples of common downregulated genes after 50 and
100 uM fisetin treatment (Table 2). Treatment with
100 uM fisetin caused downregulation of several impor-
tant genes such as Forkhead box K1 (FOXKI1),
Forkhead box A2 (FOXA2), B-cell lymphoma-61 extra
large (BCL-XL), and members of ATP-binding cassette
(ABC) family transporters (Table 2).

On the other hand, a total of 1659 and 1201 genes were
significantly altered (P<0.05) in 100 and 150 uM
hesperetin-treated K562 cells, respectively. Treatment of
K562 cells with 100 uM hesperetin resulted in the
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smaller than the thickness of the lines on the graphs. Two-way analysis of
variance was used to determine statistical significance and P<0.05 was
considered to be significant

upregulation of 776 genes and the downregulation of
883 genes. The number of upregulated genes was 528,
whereas that of downregulated was 673 in 150 uM
hesperetin-treated K562 cells. As indicated in Table 3,
dual specificity phosphatase 1 (DUSP1), CDKNIA,
GADDA45B, SPRR2D, and MTI1F were the examples of
common upregulated genes in 100 and 150 uM hesperetin
treatment. On the other hand, 100 uM hesperetin lead to
the upregulation of other genes such as CDKNI1B/
p27Kipl, CASP4, dual specificity phosphatase 5
(DUSPS), whereas, 150 uM hesperetin upregulated differ-
ent genes such as MT1A, DUSP3, and NFKBIA
(Table 3). STATSA, TUBALA, MYB, KIT, epithelial cell
adhesion molecule (EPCAM), and proliferating cell nucle-
ar antigen (PCNA) were the examples of common down-
regulated genes upon 100 and 150 uM hesperetin treat-
ment (Table 4). Treatment with 100 uM hesperetin also
resulted in the downregulation of eukaryotic translation
elongation factor 1 gamma (EEF1G), polymerase (RNA)
II (DNA directed) polypeptide B (POLR2B), and STAT3.
Furthermore, 150 uM hesperetin treatment downregulated
genes such as minichromosome maintenance complex
component 10 (MCM10), ATP-binding cassette sub-
family C member 4 (ABCC4), and polymerase (DNA di-
rected), epsilon 2 (POLE2) (Table 4).
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Fig. 6 Hierarchical gene
clustering analysis was performed
based on data obtained from gene

exposed to fisetin (upper panel)

-

expression analysis of K562 cells [] oown-reguiated w

- Up-reguiated

and hesperetin (lower panel)

100 uM Fisetin Control S0 uM Fisetin

D Down-regulated
- Up-requlated

100 uM Hesperetin 150 uM Hesperetin

Identification of genetic networks affected by fisetin
and hesperetin in K562 cells

IPA was performed to identify modulated networks based on
the functional relationships between gene products by fisetin
and hesperetin in K562 cells (Table 5). Apoptosis modulation
and signaling, TP53 network, TNF-« signaling, KIT receptor
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signaling pathway, JAK/STAT signaling, adhesion networks,
growth hormone receptor signaling, and angiogenesis were
modulated networks in fisetin-treated K562 cells.

Hesperetin treatment in K562 cells resulted in alter-
ations in translation initiation and elongation networks,
replication networks, transcription networks, epidermal
growth factor (EGF) signaling, JAK/STAT signaling, KIT
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Table 1  The list of genes upregulated >2-fold after fisetin treatment of K562 cells
Fold change Function
50 uM 100 uM
Upregulated genes in fisetin-treated K562 cells
NFKBIA 4.622 2.569 NFKB inhibitor, cell growth inhibition
MTIA 3.553 19.505 Tumor suppressor
NOXA 2.614 2.457 Apoptosis
CDKN1A/P21/WAF1/CIP1 2217 2.298 Cell cycle, growth arrest
TP53TG3 2.194 3.789 Growth inhibition
MTIG 2.178 39.13 Tumor suppressor
GADD45B 2.108 2.888 Cell cycle, growth arrest, apoptosis
MT2A 2.057 8.358 Tumor suppressor
Upregulated genes in 50 uM fisetin-treated K562 cells
FAT1 2.862 Tumor suppressor
TNFAIP3 2.793 Tumor suppressor
IRF1 2.691 Transcription factor
NFKBIZ 2.678 NFKB inhibitor, cell growth inhibition
BTG1 2.501 Antiproliferative, differentiation
GADD45A 2.206 Cell cycle, growth arrest, apoptosis
Upregulated genes in 100 uM fisetin-treated K562 cells
MTIE 8.703 Tumor suppressor
MTIF 8.336 Tumor suppressor
miR1974 7.484 Inhibits cell growth
OKL38 6.442 Inhibits cell growth
MTI1X 5.931 Tumor suppressor
MTI1H 4.320 Tumor suppressor
TXNIP 3.428 Apoptosis, tumor suppressor
p19/CDKN2D 3.169 Cell cycle, growth arrest
PTPLB 3.05 Protein phosphatase
RASSF1 2.609 Tumor suppressor
MED23 2.498 Apoptosis
SMADS 2.167 TGF--induced antiproliferative effect

receptor signaling pathway, growth hormone receptor sig-
naling, and PI3K pathway (Table 6).

Discussion

Flavonoids are a significant member of polyphenolic com-
pounds that are commonly found in the human diet. They
are widely distributed in the plant species such as fruits and
vegetables. Currently, there is an increased interest in poly-
phenolics, including flavonoids, since clinical and experimen-
tal studies show that they posses many therapeutic features
including anticarcinogenic activities [7]. Fisetin and
hesperetin, plant-derived flavonoids, have been shown to ex-
ert antioxidant, anti-inflammatory, and anticancer effects and
found to induce apoptosis in various tumor cells by causing

alterations in various cellular processes [26]. However, there
are no studies on K562 CML cells and the mechanisms regu-
lating fisetin- and hesperetin-induced apoptotic effects in
CML cells remain elusive.

This study was conducted to examine the cytotoxic, cyto-
static, and apoptotic effects of fisetin and hesperetin on K562
CML cells. The cells were treated with increasing concentra-
tions of these agents [1-200 uM], and their cytotoxic effects
were determined by MTT cell proliferation assay. The results
of this assay revealed that fisetin and hesperetin decreased
proliferation of CML cells in a dose- and time-dependent
manner. On the other hand, Annexin V/PI double staining
showed increases in apoptotic cell population in K562 cells
in response to increasing concentrations of agents as com-
pared to untreated controls. Based on the data obtained by
flow cytometry, it could be concluded that fisetin triggers the
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Table 2 The list of genes downregulated >2-fold after fisetin treatment of K562 cells

Fold change Function
50 uM 100 uM
Downregulated genes in fisetin-treated K562 cells
S100P —4.223 —4.460 Cell proliferation
ID3 —4.006 —-3.063 Dominant negative regulators of basic helix-loop-helix
transcription regulators
TUBAIA —3.470 —5.619 Cell division
NMU -3.365 —7.353 Invasion, metastasis
KIF1A -3.112 —4.321 Organelle movement
TUBAIC —2.881 —4.169 Cell division
ID1 —2.808 -3.00 Dominant negative regulators of basic helix-loop-helix
transcription regulators
EPCAM —2.805 —2.578 Adhesion
ICAM2 —2.794 —2.928 Adhesion
EGR1 —2.693 —4.77 Cell growth
STATSA -2.633 —4.804 Cell proliferation
SERPINH1 —2.383 =3.190 Invasion, metastasis
C-KIT -2.276 -9.460 Oncogene
FGFR3 —2.142 —2.151 Cell proliferation
MYB —2.137 -9.736 Oncogene
SERPINBI1 —2.131 —3.287 Invasion, metastasis
STAT3 —2.107 -2.129 Cell proliferation
TUBAL3 —2.106 -3.323 Cell division
MYC —2.048 —6.068 Proto-oncogene transcription factor
PRKCBI1 —2.043 -5.272 Cell proliferation
VEGFB -2.018 —2.289 Tumor angiogenesis
TUBB6 -2.011 —2.644 Cell division
Downregulated genes in 100 pM fisetin-treated K562 cells
PDCD61P —8.743 Apoptosis blocker
FOXK1 —4.357 Cell proliferation
ABCC4 —4.255 Transporter
BCL-XL —4.188 Antiapoptotic
PIM1 —4.125 Oncogene kinase
MAPK1 -3.30 MAPK pathway
IDH1 —3.251 Cytosolic enzyme
TRAP1 -3.142 Mitochondrial chaperone, antiapoptotic
FOXA2 —2.983 Cell proliferation
ABCB7 —2.772 Transporter
SERPINB6 -2.715 Invasion, metastasis
TUBB2C —2.620 Cell division
STATSB -2.600 Cell proliferation
LAMAS —2.474 Adhesion
PIM2 —2.338 Oncogene kinase
EIF4G2 —2.168 Translation
PRKCA —2.146 Cell growth, invasion

strongest apoptosis in a dose-dependent manner. To elucidate
the molecular mechanism responsible for apoptosis in K562
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cells, we first checked the effects of fisetin and hesperetin on
MMP. The results displayed that hesperetin treatment caused
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Table 3  The list of genes upregulated >2-fold after hesperetin treatment of K562 cells

Fold change Function
100 uM 150 uM
Upregulated genes in hesperetin-treated K562 cells
DUSPI 10.703 5.483 Protein phosphatase
CDKN1A/P21/WAF1/CIP1 5.605 3.978 Cell cycle, growth arrest
GADD45B 5.358 2.255 Cell cycle, growth arrest, apoptosis
SPRR2D 5.310 6.030 Differentiation
BCL2L11 5.265 2.056 Apoptosis facilitator
OKL38 4.944 5.795 Inhibits cell growth
MTIF 3.834 8.3 Tumor suppressor
DUSP10 3.74 2.354 Protein phosphatase
PPPIR15A 3.223 2354 Growth arrest
BTGlI 3.044 2417 Antiproliferative, differentiation
GADDA45G 3.018 4.517 Cell cycle, growth arrest, apoptosis
CDKN2D/p19 2.949 3.442 Cell cycle, growth arrest
TXNIP 2.642 2.449 Apoptosis, tumor suppressor
PIK3IP1 2.614 2.509 Negative regulator of PI3K
Upregulated genes in 100 pM hesperetin-treated K562 cells
FILIPIL 7.429 Cell migration inhibitor
miRNA 1974 Inhibits cell growth
CDKN1B/p27%! 3.955 Cell cycle, growth arrest
CBLB 3.523 E3 ubiquitin ligase, autophagy
DUSPS 3.333 Protein phosphatase
E2F6 3.042 Antiproliferative transcription factor
SIN3A 2.825 Tumor suppressor
CASP4 2.402 Apoptosis
Upregulated genes in 150 pM hesperetin-treated K562 cells
MTIA 2.77 Tumor suppressor
NFKBIA 2.624 Cell growth inhibition
CDKN2AIP 2.509 Cell cycle, growth arrest
DUSP3 2.040 Protein phosphatase

the loss of MMP in a dose-dependent manner while fisetin
disrupted the MMP at the highest concentration. Mitochondria
are known to be involved in all apoptotic pathways. In addi-
tion to that the structural and functional alterations in mito-
chondria are responsible for caspase-dependent apoptosis.
Caspase-3 functions in the last step of caspase-mediated apo-
ptosis, which results in the formation of apoptotic cell features
such as DNA fragmentation [27]. Therefore, we next evaluat-
ed the changes in caspase-3 enzyme activity in the cells after
fisetin and hesperetin treatment. Caspase-3 enzyme activity
increased in the fisetin-treated K562 cells in a dose-
dependent manner. However, hesperetin treatment caused sig-
nificant changes in caspase-3 activity at the highest concen-
tration (2.8-fold at 200 uM).

Similar to our results, fisetin was found to induce depolar-
ization in mitochondrial membrane and caspase activation in

HCT-116 colon cancer [28] and DU145, PC-3, and LNCaP
prostate cancer cells [29]. U266 multiple myeloma cells and
U967 leukemic cells underwent apoptosis in response to
fisetin through caspase-3 activation [30, 31]. In a recent study,
fisetin induced apoptosis in the human nonsmall cell lung
cancer cell line, NCI-H460, via mitochondrial membrane de-
polarization and caspase-3 activation [32]. Similarly,
hesperetin was displayed to attenuate mitochondrial mem-
brane potential with increased expression of caspase-3, thus,
causing apoptosis in SiHa cervical cancer cells [33]. In anoth-
er study, hesperetin also induced apoptosis on HT-29 colon
cancer cells by causing an increase in cleaved caspase-3 ex-
pression [34].

To understand the mechanisms underlying fisetin- and
hesperetin-induced growth inhibitory effects, we also investi-
gated the cytostatic property of fisetin and hesperetin on CML
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Table 4  The list of genes downregulated >2-fold after hesperetin treatment of K562 cells

Fold change Function
100 uM 150 uM
Downregulated genes in hesperetin-treated K562 cells
STATSA —5.904 —2.530 Proliferation
TUBAIA -5.312 —2.545 Cell division
MYB —4.605 —15.53 Oncogene
FGFR3 —4.308 —4.618 Cell proliferation
ICAM2 =3.779 -3.509 Adhesion
KIF1A —3.708 —4.125 Organelle movement
EGR1 -3.517 —5.063 Proliferation
KIT —3.494 —5.595 Oncogene
MCM3 —3.438 —2.401 Replication initiation
E2F2 —3.425 =5.054 Cell cycle
MYC -3.394 -3.131 Proto-oncogene transcription factor
NMU -3.222 —5.343 Invasion, metastasis
MAT2A -3.135 —5.138 Cell growth
POLD1 —-3.083 —2.215 Replication, repair
TRAP1 -3.078 —2.031 Proliferation, antiapoptotic
TUBAL3 —2.893 —3.301 Cell division
SERBP1 —2.803 -3.622 Invasion, metastasis
PRKCB —2.542 -3.312 Protumorigenic
EPCAM —2.427 —2.00 Adhesion
E2F3 -2.399 —2.217 Cell growth and differentiation
EIF2S2 —2.362 —2.537 Translation initiation
S100P —2.302 —3.890 Cell proliferation
PCNA —2.194 —2.735 Replication
KIF11 -2.011 -2.609 Organelle movement, mitosis
Downregulated genes in 100 pM hesperetin-treated K562 cells
EEF1G —7.328 Translation elongation
EIF4G1 —4.362 Translation initiation
POLR2B —2.350 Transcription
STAT3 —2.217 Proliferation
LONPI1 —2.186 Proliferation, metastasis
POLR2A —2.115 Transcription
Downregulated genes in 150 uM hesperetin-treated K562 cells
MCM10 -3.640 Replication initiation
ABCC4 —2.782 Transporter
MCM7 —2.666 Replication initiation
POLE2 —2.661 Replication
EIFS —2.640 Translation initiation
MCM4 —2.436 Replication initiation
MCM2 -2.367 Replication initiation

cells by flow cytometry. The cell cycle progression of fisetin-
treated K562 cells was found to be arrested in both S and G2/
M phases of the cell cycle while hesperetin blocked the cell
cycle progression in GO/G1 phase with a significant accumu-
lation of the cells at the highest concentration. In the literature,
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there are various studies showing the effects of these three
flavonoids on the cell cycle in different cancer types. Similar
to the data obtained in this study, fisetin induced G2/M arrest
in human epidermoid carcinoma A431 cells [35], HT-29 colon
cancer cells [36], and PC3 prostate cancer cells [37]. The G2/
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Table 5 Affected networks in fisetin-treated K562 cells

Network/pathway P value

Apoptosis modulation and signaling 9.46E-06 (50 uM)

0.04 (100 M)

TP53 network 0.003 (50 uM)
0.02 (100 uM)
KIT receptor signaling 1.06E-06 (50 uM)
1.86E—08 (100 uM)
JAK/STAT signaling 0.001 (50 uM)

1.63E-05 (100 uM)
0.004 (50 uM)
4.09E—06 (100 puM)
0.004 (50 uM)
2.00E—05 (100 uM)
Angiogenesis (50 uM) 0.02

TNF-« signaling (50 puM) 1.44E-05

Adhesion networks

Growth hormone receptor signaling

Italics represent networks modulated in both 50- and 100-uM fisetin
treatment

M checkpoint is important to prevent cells with damaged
DNA from entering mitosis. Therefore, this checkpoint gives
enough time to those cells in order to repair DNA and stop
their proliferation. Thus, the G2/M phase arrest is one of the
most critical checkpoints of many anticancer agents in cancer
cells [36, 37]. We also determined that fisetin treatment caused
S phase arrest in K562 CML cells for the first time. Hesperetin

Table 6  Affected networks in hesperetin-treated K562 cells

Network/pathway P value

Translation initiation 5.39E-12 (100 uM)
0.001 (150 pM)
0.002 (100 puM)
0.001 (150 puM)
1.18E-05 (100 uM)
8.01E—09 (150 uM)
0.002 (100 pM)

0.01 (150 M)

Translation elongation

Replication

Apoptosis modulation

JAK/STAT signaling 0.001 (100 pM)
0.02 (150 uM)
KIT receptor signaling 1.37E-05 (100 uM)

2.06E-05 (150 uM)
0.04 (100 M)
0.02 (150 M)
0.04 (100 pM)
0.03 (150 pM)

Growth hormone receptor signaling

PI3K pathway

Italics represent networks modulated in both 100- and 150-uM hesperetin
treatment

treatment resulted in significant cell cycle arrest in the G1
phase by downregulating Cdk-2 and Cdk-4 together with cy-
clin D in MCF-7 breast cancer cells similar to our results [22].
It is known that G1 arrest results in DNA repair or apoptosis
[22]. Therefore, this arrest could inhibit cell proliferation and
contribute the apoptotic process as a possible mechanism of
hesperetin action in K652 CML cells.

We also performed genome-wide microarray analysis in
K562 cells to identify the genes and networks that are in-
volved in fisetin- and hesperetin-related antiproliferative, ap-
optotic, and cytostatic effects. The list of differentially
expressed genes constrained by P value <0.05 and at least
2.0-fold change was indicated in the result part. As clearly
seen in Table 1, NFKBIA, MT family genes, PMAIP1/
NOXA, CDKNI1A, and GADD45B were examples of the
genes upregulated in both 50 and 100 uM fisetin-treated
K562 cells with significant effects on cell growth and death.
For instance, NFKBIA (also known as IkBx), a member of
the NF-kappa-B inhibitor family, inhibits NF-kB pathway,
which is involved in cell survival [38]. Therefore, upregula-
tion of this gene by fisetin could suppress cell growth and
induce apoptosis. The BH3-only protein PMAIP1 (NOXA),
a p53 transcriptional target, has been reported to be involved
in chemotherapeutic agent-induced apoptosis [39]. Its upreg-
ulation may result in apoptosis of K562 cells after fisetin treat-
ment. This treatment upregulated CDKNI1A (p21/WAF1/
Cipl), one of the regulators involved in cell cycle control,
and could induce growth arrest [40]. Fisetin induced upregu-
lation of GADDA45B participating in cell cycle arrest, DNA
repair, cell survival, and apoptosis, which could be another
important event in suppressing leukemic cell growth [41].
Metallothionin (MT) family genes such as MT1A, MTIG,
and MT2A were significantly upregulated and are known to
play roles in apoptosis [42]. Furthermore, each fisetin concen-
tration resulted in upregulation of specific genes most of
which act as tumor suppressor (Table 1). Moreover, fisetin
treatment downregulated some common genes involved in
significant cellular processes as shown in Table 2. For in-
stance, C-KIT (proto-oncogenic cell surface receptor
tyrosine kinase) and oncogenic transcription factors MYB
and MYC are known to function in cell growth, proliferation,
survival, migration, and apoptosis [43—45]. Their overexpres-
sion or constitutive activation is a common alteration in vari-
ous cancer types including leukemias. Therefore, approaches
or agents such as fisetin that targets them have a potential to
inhibit leukemic growth. The expression of several tubulin
family members like TUBA1A and TUBAI1C also decreased
after fisetin treatment, which could disrupt in cell division and
thus induce apoptosis [46].

The genome-wide changes in the expression levels of
genes after hesperetin treatment in K562 CML cells were
summarized in Tables 3 and 4. As seen in Table 3, different
hesperetin concentrations resulted in upregulation of common
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genes as well as concentration-specific alterations. For in-
stance, a recent study has shown that the overexpression of
dual specificity phosphatases (DUSP) family members was
responsible for inducing apoptosis by inhibiting p38 MAPK
and NF-«kB pathways in a recent study [47]. Therefore, these
genes could be potent targets of hesperetin-induced apoptosis.
SPRR2D, small proline-rich proteins, have no or lower ex-
pression in cancerous cells, thus increasing SPRR2D expres-
sion could impair leukemic growth [48]. MTF1, a member of
metallothionin family, was found to increase dramatically. The
product of this gene plays a role in apoptosis [42] and its
overexpression could increase apoptotic cell death in K562
cells. Several cell cycle regulators including p21, pl19, and
GADD45 family members were also upregulated, which
could block cell cycle progression and impair cell growth.

Hesperetin treatment in K562 cells resulted in down-
regulation of several important genes as well (Table 4).
In addition to the genes that were downregulated by
fisetin such as tubulin family members (TUBAIA,
TUBAL3), MYC, MYB, and KIT, we have found that
hesperetin treatment leads to the downregulation of
unique set of genes. These unique genes included
kinesins such as KIF1A and KIF11, in addition to fac-
tors involved in replication such as MCM family mem-
bers, POLD1 and PCNA. The E2F transcription factors
like E2F2 and E2F3 and factors involved in translation
such as EIF2S2, EEF1G, and EIF4G1 were also includ-
ed in the downregulated genes. Based on the data in
Table 4, hesperetin induced the inhibition of K562 cells
by targeting critical cellular processes such as cell divi-
sion, replication, transcription, and translation that have
vital importance for cell survival.

To identify the genetic networks, IPA was performed as
well as gene clustering. The determined networks were found
to be involved in the cell survival, proliferation, cell death, cell
cycle, in addition to cell signaling pathways such as JAK/
STAT and KIT receptor signaling. They were also involved
in adhesion, replication, transcription, and translation as sum-
marized in Tables 5 and 6. These results conform with the
gene clustering analysis.

Conclusions

In conclusion, this is the first report demonstrating that fisetin
and hesperetin could act as a potent chemotherapeutic drug
against CML by exerting their pleiotropic effects on the cells.
The present study indicated that fisetin and hesperetin may
have therapeutic potential in CML cells due to the inhibition
of cell proliferation, induction of apoptosis, and cell-cycle
arrest. Moreover, the genetic systems identified in this study
provide a deep understanding about some important signaling
networks that are altered by fisetin and hesperetin treatment

@ Springer

while giving a list of potential genes that could be a significant
target for CML therapy. Xenograft CML model might be de-
veloped through subcutaneous injection of CML cells into
nude mice and tumor development could be evaluated after
fisetin and hesperetin treatment. Therefore, in vivo adminis-
tration of fisetin and hesperetin into K562 mice models could
suggest that these natural flavonoids might have clinical usage
in leukemia treatment. Furthermore, fisetin and hesperetin
could be used to overcome resistance against tyrosine kinase
inhibitors in resistant CML cells and the effects of their com-
bination with these inhibitors could be investigated. These
in vitro and in vivo studies could open the way to figure out
whether fisetin and hesperetin might be used as novel chemo-
therapeutics in CML treatment.
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