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Abstract: In patients with chronic myelogenous leukemia (CML), resistance to tyrosine kinase inhibitor (TKI) therapy,
like imatinib, can cause death, progression to accelerated phase or blast crises, and the need for maintenance
treatment. Icaritin is an active component of the genus Epimedium, a traditional Chinese herbal medicine. Icaritin
has been shown to notably inhibit the growth of CML cells. To explore the potential mechanisms of inhibiting growth
and inducing cell senescence in imatinib-resistant CML cells by icaritin, MTT assays were used to assess the cell
viability. The apoptosis and cell cycle arrest were evaluated using flow cytometry. The SA-B-Gal staining and the
intracellular reactive oxygen species (ROS) production were measured using flow cytometry to detect the senescent
cells. qRT-PCR was conducted to assess the expression of the cell cycle-associated proteins, and western blotting
was used to analyze the expressions of the JAK2 and STAT3 phosphorylation proteins. The results showed that icari-
tin inhibited cell growth and induced cell senescence in imatinib-resistant CML cells, which is associated with the
regulation of the JAK2/STAT3/P21 axis and accompanied by the accumulation of ROS. Our data suggest that icaritin
is a promising therapeutic strategy for the treatment of imatinib-resistant patients with CML.
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Introduction

Chronic myeloid leukemia (CML) is a clonal
hematopoietic stem cell disorder characterized
by the expression of the BCR-ABL oncoprotein
caused by the reciprocal translocation t (9; 22),
which is a major driving force for the evolution
of the disease. The suppression of the dysregu-
lated tyrosine kinase activity using BCR-ABL
tyrosine kinase inhibitors (TKIs), such as ima-
tinib, dasatinib, and nilotinib, leads to persis-
tent and frequent remissions of the disease
from the hematologic, cytogenetic, and molec-
ular points of view [1]. However, resistance to
TKIs, especially imatinib, occurs in many
patients. Several molecular mechanisms, in-
cluding BCR-ABL mutations, BCR-ABL overex-
pression, and BCR-ABL-independent resis-
tance, may contribute to TKI resistance in

patients with CML [2, 3]. Indeed, BCR-ABL
mutations are found in more than 50% of all
resistant patients [4, 5]. The T315/ mutation
has been determined to have the highest level
of imatinib resistance and the worst clinical
outcomes compared to other mutations [6].
The treatment failure with TKls suggests that
novel molecular therapeutic strategies are
required to selectively target TKl-refractory
CML cells.

Icaritin is the hydrolysate of icariin and is one
of the main components extracted from the
plants from the genus Epimedium, used in tra-
ditional Chinese herbal medicine. Icaritin has
been demonstrated to have a multitude of
pharmacological and biological activities in var-
ious studies. Icaritin induces neuronal and
cardiac differentiation [7, 8], promotes the
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activity of osteoblasts, and inhibits the activity
and differentiation of osteoclasts [9], as well as
the progression of hematological malignancies
[10, 11]. Our previous studies showed that icar-
itin can significantly suppress CML cell progres-
sion and promote CML cell apoptosis via the
MAPK/ERK/JNK and JAK2/STAT3/AKT signal-
ing pathways [11]. We also showed that the
anti-multiple myeloma (MM) activity of icaritin
is mainly related to the suppression of the
JAK2/STAT3 signaling pathway mediated by
IL-6 in vitro and in vivo [12].

Cellular senescence can be induced by various
stresses, including oxidative stress, ionizing
radiation, and environmental toxins. Senes-
cence is an irreversible cell growth arrest char-
acterized by noticeable changes in cell function
and morphology [13]. Senescence has been
linked to multiple physiological processes, such
as tumor growth suppression, wound healing,
tissue repair, and embryonic development [14-
16]. Recent evidence suggests that cellular
senescence usually expresses multiple bio-
markers, e.g., plasminogen activator inhibitor 1
(PAI-1), senescence-associated heterochroma-
tin foci (SAHF), and senescence-associated
B-galactosidase (SA-B-Gal), together with an
increased cell body size [17, 18]. Studies have
shown that mitochondrial-derived reactive oxy-
gen species (ROS) are released when the
senescence signaling pathways, for instance,
Ras, p53, p21 and p16 are activated [19-23].

The specific objective of this study was to inves-
tigate the function of icaritin in TKl-resistant
CML using imatinib-resistant CML cells (K562R
and BaF3/T315l) as in vitro models. We also
assessed whether icaritin regulates cellular
senescence. Our research found icaritin sup-
pressed the proliferation of imatinib-resistant
CML cells and induced cellular senescence,
which is related to the accumulation of pro-
duction of reactive oxygen species (ROS), the
arrestation of the cell cycle, and the regulation
of the JAK2/STAT3/p21 pathway. Our data sug-
gested icaritin could be a promising drug for
overcoming imatinib-resistant chronic myeloid
leukemia therapy.

Materials and methods
Cell culture and reagents

Imatinib-sensitive CML cells (K562 cells and
BaF3/P210 cells) and imatinib-resistant CML
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cells (K562R cells and BaF3/T315I cells) were
stored in an RPMI-1640 medium containing
10% heat-inactivated fetal calf serum, 2 mM
L-glutamine (100 U/mL), and penicillin-strepto-
mycin (100 U/mL), provided by the American
Type Culture Collection (Manassas, VA, USA).
Bone marrow mononuclear cells (BMMNCs)
were extracted from the primary CML cells col-
lected from the bone marrow samples of
patients with BCR-ABL T315l CML using the
Ficoll-Paque isolation solution. A total of six
CML patients were enrolled in the study, includ-
ing three patients in the chronic phase and
three patients with blast crisis. All the patients
signed the written informed consent. This study
was conducted according to the Declaration of
Helsinki and was approved by the Institutional
Review Board of the Second Xiang-Ya Hospital,
Central South University.

Icaritin with a purity of 99.5% was provided
by Dr. Kun Meng (Shenogen Phama Group,
Beijing, China). Icaritin was dissolved in DMSO
(Sigma, St. Louis, MO, USA) to prepare a stock
solution (32 mM) and stored at -20°C. The (4,
5-Dimethylthiazolyl-2)-2, 5-diphenyl tetrazolium
bromide (MTT), and 5-bromo-4-chloro-3-indolyl
B-D-galactoside (X-gal) were procured from
Sigma. The STAT3, phospho-STAT3, and B-actin
antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA). The JAK2,
Phosphor-JAK2, and P21 antibodies, and the
AG490 were obtained from Abcam Ltd. (Hong
Kong, China).

Assessment of the cell viability

CML cell lines (K562, BaF3/P210, K562R,
BaF3/T315l) and primary CML cells were treat-
ed with icaritin at concentrations of O, 2, 4, 8,
16, and 32 uM for 48 h, and the cell viability
was assessed with MTT. Additionally, we evalu-
ated the viability of the CML cells treated with
icaritin combined with imatinib compared to
icaritin or imatinib alone.

Cell apoptosis analysis

Imatinib-resistant CML cells (5 x 10° cells/mL;
K562R, BaF3/T315l) were incubated for 48 h
with icaritin at the concentrations indicated
above and seeded in a 6-well plate. Annexin
V-FITC/propidium iodide (Pl) apoptosis detec-
tion kits (Becton Dickinson, BD, USA) were
used in combination with flow cytometry
(FACSCalibur, BD, USA) to evaluate the early
apoptosis.
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Table 1. Sequences of the oligonucleotide prim-
ers used for the RT-gPCR in K562R cells

Gene Sequence

Cyclin D1 fwd: 5’-AGGAACAGAAGTGCGAGGAGG-3’
rev: 5’-GGATGGAGTTGTCGGTGTAGATG-3’

Cyclin E  fwd: 5’-TGCTGGACAAAGCCCGAGCAAAGA-3’
rev: 5’-CGCTGCTCTGCTTCTTACCGCTCT-3’

Cyclin A fwd: 5’-TCCAAGAGGACCAGGAGAATATCA-3’
rev: 5’-GTGCAACCCGTCTCGTCTTC-3’

CDK4 fwd: 5-GTGTCGGTGCCTATGGGACAGTGT-3’
rev: 5’-~AGCCTCCAGTCGCCTCAGTAAAGC-3’

CDK2 fwd: 5’-CCAGAAACAAGTTGACGGGAGAGG-3’
rev: 5’-CCAGTGAGAGCAGAGGCATCCA-3’

P53 fwd: 5’-CATCTACAAGCAGTCACAGCACAT-3’
rev: 5’-CCAACCTCAGGCGGCTCATA-3’
P21 fwd: 5-TGTCACCGAGACACCACTGGAG-3’

rev: 5’-AGCGAGGCACAAGGGTACAAGA-3’
B-actin  fwd: 5’-TTCCAGCCTTCCTTCCTGGG-3’
rev: 5’-TTGCGCTCAGGAGGAGCAAT-3’

CDKA4, cyclin-dependent kinase 4; CDK2, cyclin-dependent
kinase 2; fwd, forward; rev, reverse.

Table 2. Sequences of the oligonucleotide prim-
ers used for the RT-qPCR in BaF3/T315l cells

Gene Sequence

Cyclin D1 fwd: 5’-GCAGACCATCCGCAAGCAT-3’
rev: 5’-GGTAGCAGGAGAGGAAGTTGTTG-3’
CyclinE  fwd: 5’-CTCAGGTTATCAGTGGTGCGACAT-3’
rev: 5’-TGGCTTTCTTTGCTTGGGCTTTG-3’
Cyclin A fwd: 5’-GCATCAGGAAGACCAAGAGAA-3’
rev: 5’-TGAAGGACCAGCAGTGACA-3’
CDK4 fwd: 5’-TTGGTGTCGGTGCCTATGG-3’
rev: 5’-GCCTCCAGCCTCCTTAACAA-3’
CDK2 fwd: 5’-TTCATGGATGCCTCTGCTCTCA-3’
rev: 5’-GGCTCTTGCTAGTCCAAAGTCTG-3’

P53 fwd: 5’-CAAGTGAAGCCCTCCGAGTGT-3’
rev: 5’-GCCCAGGTGGAAGCCATAGTT-3’
P21 fwd: 5’-CCGTGGACAGTGAGCAGTT-3’

rev: 5’-CAGACGAAGTTGCCCTCCA-3’
B-actin fwd: 5’-CCTGTATGCCTCTGGTCGTA-3’
rev: 5’-CTGTGGTGGTGAAGCTGTAG-3’

CDK4, cyclin-dependent kinase 4; CDK2, cyclin-dependent
kinase 2; fwd, forward; rev, reverse.

RT-gPCR assays
Total RNA was extracted from the cells using

TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
and the concentration of the extracted RNA
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was determined using Nanodrop2000 (0D260)
(Thermo Fisher Scientific). RNA (1 pg) was
reverse transcribed to complementary DNA
(cDNA) using PrimeScript RT kits (Takara Bio
Inc., Japan) under standard conditions with ran-
dom primers. SYBR PreMix Ex Taq (Takara Bio
Inc., Japan) kits and the LightCycler 96
Detection System (Roche, Sweden) were used
for the PCR measurement. The reaction system
of the reverse transcription kit was 20 pL,
including 10 pL of SYBR premix (2 %), 0.5 yL
each of the forward and reverse primers of the
target genes, 2.0 uL of the cDNA template and
7 L of the ddH,0. The reaction conditions were
set to pre-denaturation for 30 s at 95°C, 1
cycle, then denaturation for 10 s at 95°C,
annealing for 10 s at 58°C, extension for 10 s
at 72°C, for 40 cycles in total. The relative
expression levels were quantified using the
28T method and using B-actin as a reference.
The primer sequences are listed in Tables 1
and 2.

Determination of the SA-B3-galactosidase posi-
tive cells

The imatinib-resistant CML cells (K562R,
BaF3/T315l) were treated with icaritin (16 uM)
for 48 h or AG490 (25 uM), a specific JAK2
inhibitor, for 1 h and plated in a 6-well plate.
After being washed twice with phosphate-buff-
ered saline (PBS), the cells were fixed in formal-
dehyde for 30 min. The staining solution (1 mg/
mL 5-bromo-4-choloro-3-indolyl B-D galactopy-
ranoside (X-gal), 5 mM K3Fe [CN] 6, 2 mM
MgCl, in PBS, pH 7.2) and incubated in the dark
at 37°Cfor 4 h. At least 300 cells were counted
in the phase-contrast photomicrographs of the
selected fields, and we scored the percentages
of the SA-B-Gal.

Measurement of the ROS production

The ROS activity was measured after the ace-
tate groups of membrane-permeable 2-7-
dichlorofluorescin diacetate (H2DCFDA) were
cleaved by the intracellular esterase and oxi-
dized to fluorescent 2,7-dichlorofluorescein
(DCF) by ROS. Briefly, the K562R and BaF3/
T315I cells were incubated with icaritin (16 uM)
for 48 h or AG490 (25 uM) for 1 h in a 6-well
plate. Then, the collected cells were washed
with PBS. Following the application of the
DCFDA dye solution (10 uM), the cells were
incubated for 30 min. Next, the cells were

Am J Transl Res 2021;13(8):8860-8872



Icaritin induces cellular senescence

washed exhaustively with PBS and analyzed
using flow cytometry (FACSCalibur, BD).

Cell cycle analysis

The harvested K562R and BaF3/T315l cells
were treated with 0, 8, and 16 uM icaritin for
48 h and washed with ice-cold PBS. The cells
were fixed overnight with 70% cold ethanol and
preconditioned with 10 pg/mL RNAse for 30
min. Furthermore, the cells were marked with
propidium iodide (Sigma) and the ModFit LT 3.0
software package was used to determine the
cell-cycle profiles on the FACS-Calibur flow
cytometry.

Western blotting analysis

The K562R and BaF3/T315I cells were treated
with different concentrations of icaritin (O, 4, 8,
16, and 32 uM) for 48 h. After a thorough wash-
ing, the cells were lysed with a lysis buffer
(Pierce® IP lysis buffer, Thermo, USA) contain-
ing2 mM Na3VO4, 1 mM NaF, and 1 mM phenyl-
methylsulfonyl fluoride. After quantifying the
protein concentrations, equal amounts of
protein (approximately 30 ug/well) were sepa-
rated on 8%-15% SDS-PAGE and then trans-
ferred onto nitrocellulose membranes. Finally,
we used several primary antibodies and HRP-
conjugated secondary antibodies to label the
membranes, which were visualized using an
enhanced chemiluminescence (ECL) detection
kit (Amersham Pharmacia Biotech).

Statistical analysis

For the indicated number of separate experi-
ments, all the values were calculated as the
mean + SEM. One-way analyses of variance
(ANOVA) followed by post hoc Dunnett’s tests
were carried out to compare three or more
groups. Two-tailed Student’s t-tests were used
to compare the two groups. All the data were
statistically analyzed using GraphPad Prism 5
software (GraphPad, USA). Statistical signifi-
cance was set at P < 0.05.

Results

Icaritin suppresses the proliferation of both
the CML cell lines and the primary CML cells

To study the effect of icaritin on the growth of
the CML cells, imatinib-sensitive cells (K562
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cells and BaF3/P210 cells) and imatinib-resis-
tant cells (K562R cells and BaF3/T315lI cells)
were treated with various concentrations of
icaritin for 48 h, and the inhibitory effect on cell
proliferation was evaluated using MTT assays.
Similarly, we tested the inhibitory effects on the
proliferation of the primary BCR-ABL T315I-
CML BMMNCs treated with different concentra-
tions of icaritin. Moreover, we compared the
inhibitory effects of icaritin, imatinib, and icari-
tin in combination with imatinib on the K562R
cells and the BaF3/T315l cells. Our data
showed that the effect of icaritin on the sup-
pression of the CML cell proliferation was dose-
dependent. The IC50 values of icaritin were
6.474 £ 1.11 uM (K562 cells), 7.628 + 1.34 uM
(K562R cells), 6.926 + 1.44 uM (BaF3/P210
cells), and 4.580 + 0.88 uM (BaF3/T315I cells)
(Figure 1A). The growth of the primary BCR-ABL
T315I-CML BMMNCs was significantly sup-
pressed by the icaritin (Figure 1B). Additionally,
we confirmed that the K562R and BaF3/T315lI
cells were resistant to imatinib but were sensi-
tive to icaritin (Figure 1C and 1D). Our results
showed that the icaritin had excellent anti-CML
activity, particularly in imatinib-resistant CML
cells in vitro.

Icaritin induces apoptosis in BaF3/T315I cells
but not in K562R cells

To determine whether the effect of icaritin is
related to apoptosis in the imatinib-resistant
CML cells, we treated the K562R and BaF3/
T315I cells with diverse concentrations of icari-
tin for 48 h, and the ratio of the apoptosis was
evaluated through flow cytometry using the
Annexin V-FITC/PI assay. Interestingly, the icari-
tin did not induce apoptosis in the K562R cells,
but it induced apoptosis in the BaF3/T315l
cells at high concentrations (=16 uM) (Figure
2A, 2B).

Icaritin induces imatinib-resistant CML cell
senescence and increases the ROS levels

To determine the activity of the SA-B-Gal, a bio-
marker of aging and senescence extensively
used in mammalian cells, the K562R and
BaF3/T315I cells were stained with a SA-B-Gal
staining kit after the icaritin (8, 16 uM) treat-
ment for 48 h or the AG490 (25 pM) treatment
for 1 h. As shown in Figure 3A, the percentage
of the senescent SA-B-Gal-positive cells incre-
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Figure 1. The effects of icaritin and imatinib on the growth inhibition of CML cells. A. The dose-response curve for
the effects of icaritin in the cell survival of imatinib-sensitive cells (K562 cells and BaF3/P210 cells) and imatinib-
resistant cells (K562R cells and BaF3/T315l cells). The values represent the mean + SEM of triplicate cultures. B.
The effect of icaritin on the growth inhibition on primary BCR-ABL T315I-CML BMMNCs (n = 6) from three patients in
the chronic phase and three patients with blast crisis. Mean + SEM. C and D. Both the K562R cells and the BaF3/
T315I cells were treated with icaritin, imatinib, or icaritin combined with imatinib and the cell viability was analyzed
using MTT. The data represent the percentages of surviving cells. Mean + SEM. Asterisks indicate statistically sig-
nificant differences compared with imatinib treatment using 2-tailed Student’s t-tests. "P < 0.05.

ased after the treatment with icaritin or AG490
in a dose-dependent manner (Figure 3B).

As a secondary messenger in various cellular
signaling pathways, ROS are end products of
metabolism, and they cause senescence as a
result of inordinate ROS accumulation [24]. To
further explore the function of ROS in icaritin-
induced senescence, the DCF biomarker was
used to estimate the production of intracellular
ROS using flow cytometry. Our results indicated
that intracellular ROS levels were notably
increased in cells treated with icaritin and
AG490, compared with the control cells, while
there was no significant difference between the
two treatments. These data suggested that
icaritin induced senescence associated with
the accumulation of ROS in the K562R and
BaF3/T315I cells (Figure 3C, 3D).
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Icaritin arrests the cell cycle of the imatinib-
resistant CML cells at the G1 phase

To further investigate the role of icaritin in ima-
tinib-resistant cells, we analyzed whether
growth inhibition was linked with cell cycle
arrest by evaluating the cell cycle distribution of
the Kb662R and BaF3/T315I cells. We found
that icaritin significantly blocked the cell cycle
at G1 phase in a concentration-dependent
manner (Figure 4A, 4B). Subsequently, we
measured the expressions of the cell cycle-
associated proteins using qRT-PCR and found
that icaritin downregulated the cyclin D1, cyclin
E, cyclin A, CDK2, and CDK4 expressions in the
BaF3/T315I cells. Similarly, icaritin downregu-
lated the cyclin D1, cyclin A, and CDK4 levels,
but it did not affect the cyclin E and CDK2
expressions in the K562R cells (Figure 4C).
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Figure 2. Icaritin induced apoptosis in the BaF3/T315I cells but not in the K562R cells. A. The K562R cells and
BaF3/T315I cells were treated with different concentrations of icaritin for 48 h. The early apoptosis was assessed
through flow cytometry using an Annexin V-FITC/propidium iodide (Pl) apoptosis detection kit. B. The columns repre-
sent the average percentage of the Annexin V positive cells from more than three independent experiments, which
are shown as the mean + SEM. The asterisks indicate statistically significant differences compared with the controls
(0 uM of icaritin) using one-way ANOVA followed by post hoc Dunnett’s tests. P < 0.01, **P < 0.001.

Induction of cellular senescence via the JAK2/
STAT3/p21 pathways

As a tumor suppressor, p53 is not only related
to cell cycle arrest, apoptosis, and the induc-
tion of cellular senescence, but it is also a tar-
get of ROS. Additionally, p21, which is a cyclin-
dependent kinase inhibitor and a downstream
effector of p53, plays a significant role in aging
[20, 23]. We further examined the p53 and
p21 levels using gRT-PCR and determined that
icaritin induced the expression of p21 in a
dose-dependent manner in Kb62R and BaF3/
T315I cells. The p53 levels were upregulated in
the KB62R cells, which accompany the p53
mutations, and the p53 levels were downregu-
lated in the BaF3/T315I cells (Figure 5A). This
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evidence indicates that p21 plays a critical
role in cell senescence induced by icaritin but is
independent of p53. Moreover, we explored the
p21 expressions in K562R and BaF3/T315I
cells treated with AG490 and found that AG490
also increased the expression of p21 (Figure
5B).

Multiple transcription factor binding sites are
present in the p21 promoter, especially the
common binding sites for the signal transducer
and the activator of transcription (STAT) pro-
teins and SIE sequences [25]. To better under-
stand the mechanism by which icaritin induces
the upregulation of p21, we investigated the
role of the JAK2/STAT3 pathway and evaluated
the expressions of the phosphorylated JAK2

Am J Transl Res 2021;13(8):8860-8872
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Figure 4. Icaritin induced imatinib-resistant CML cell cycle arrest at the G1 phase. A and B. The K562R cells and
BaF3/T315I cells were treated with different concentrations of icaritin for 48 h and measured using flow cytometry.
The columns represent the average percentages of the G1 phase arrested cells. Mean + SEM. C. The expressions
of Cyclin D1, Cyclin E, Cyclin A, CDK2, and CDK4 were downregulated in the BaF3/T315I cells after being exposed
to icaritin, but in the K562R cells, only the Cyclin D1, Cyclin A, and CDK4 levels were downregulated by icaritin. The
data are shown as the mean + SEM. Asterisks indicate statistically significant differences compared with controls
(0 uM of icaritin) using one-way ANOVA followed by post hoc Dunnett’s test. “P < 0.05, P < 0.01 and “"P < 0.001.

and STAT3 proteins. Icaritin notably inhibited
the p-JAK2 and p-STA3 expressions (Figure
5C). In addition, treatment with the JAK2 inhibi-
tor AG490 suppressed the phosphorylation of
JAK2 and STAT3, but it increased the p21 levels
(Figure 5D). Altogether, these findings indicate
that icaritin induces cell senescence through
the inhibition of the JAK2/STAT3/p21 axis.

Discussion

CML patient outcomes have dramatically
improved, and survival rates have been upgrad-
ed to a practically normal lifespan after the
advent of TKIs. However, more than a quarter of
patients fail to respond to the first-line TKI ther-
apy, and many of these patients develop an
accelerated phase or a blast crisis [26].
Resistance to imatinib is the most common
form of TKI resistance. T315l, a common mu-
tation, is found in approximately 20% of ima-
tinib-resistant patients. Therefore, new treat-
ment options for TKl-refractory CML cells are
needed to improve CML prognosis. In this study,
we observed that the growth of the CML cells
resistant to imatinib, such as the K562R and
BaF3/T315I cells, was inhibited by the icaritin
treatment. Additionally, we controlled the pri-
mary BCR-ABL T315I-CML BMMNCs of six CML
patients with different concentrations of icari-
tin, showing that it remarkably suppressed the
primary CML cell proliferation. Furthermore, we
demonstrated that high concentrations of icari-
tin treatment induced the apoptosis of the
BaF3/T3151 and K562R cells, but the effect
was stronger in the K562R cells than it was in
the BaF3/T315I cells.

Currently, there are drugs that are capable of
inducing senescence in cancer cells. In this
study, icaritin treatment in K562R and BaF3/
T315I cells induced senescence and caused
very distinctive changes in morphology, such as
an enlargement of cell volume and an increase
in the label for B-galactosidase, a biomarker of
senescence. In addition to maintaining the
steady state of cell growth, ROS is essential in
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the regulation of cell senescence, which is
induced by ROS accumulated in the mitochon-
dria or other intracellular compartments [27,
28]. We showed that icaritin stimulates the
K562R and BaF3/T315I cells to generate ROS.
These findings suggest that icaritin induces
cellular senescence in imatinib-resistant CML
cells, which is associated with the accumula-
tion of ROS.

Senescence is a stress response that is initiat-
ed by multiple mechanisms. Senescent cells
retreat from the cell cycle promoted by the
growth factors or the mitogens and lose the
ability to proliferate [29]. Recent studies have
found that cellular senescence is associated
with some signaling pathways, including the
p53/p21 [30], p16-pRb [31], and p53/p16-
independent signaling pathways [32]. Hence,
we evaluated the expressions of p53, p21, and
p16 and found that p21 was increased in both
types of cells, and p53 was upregulated in
K562R cells but downregulated in BaF3/T315I
cells. Interestingly, p16 was not detected in
either of the two cell types (data not shown).
Notably, p21 plays an important role through a
p53-independent pathway in the cellular senes-
cence induced by icaritin in K562R and BaF3/
T315I cells.

P21 functions as a cell cycle inhibitor, inhibiting
the cyclin kinase complex, proliferating cell
nuclear antigens, and inhibiting the transcrip-
tion factors and coactivators, which results in
tumor growth arrest [33]. Icaritin promotes
cell cycle arrest at the G1 phase and decreases
the expressions of cyclin D1, cyclin A, CDK2,
and CDK4, suggesting that the effect of CML
cell cycle arrest by icaritin is associated with
the upregulation of p21 expression and decre-
ased cell cycle-related proteins. The p21 gene
appears to be directly regulated by STAT, and
three sequences in this promoter contain
potential STAT-binding sites [25]. The expres-
sions of multiple cancer-related genes, such as
tumor angiogenesis, oncogenic cell signaling,
tumor immune surveillance, and metastasis,
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Figure 5. Icaritin induced cellular senescence via the JAK2/STAT3/p21 pathway. A. Icaritin induced the expression of p21 in a dose-dependent manner in K562R
and BaF3/T315I cells, and the P53 levels were upregulated in the K562R cells and downregulated in the BaF3/T315I cells. The data represent mean + SEM.
Asterisks indicate statistically significant differences compared with the controls (O uM of icaritin) using one-way ANOVA followed by post hoc Dunnett’s tests. "P <
0.05, P < 0.01 and *"P < 0.001. B. The K562R and BaF3/T315I cells were treated with icaritin (16 uM) and AG490 (25 uM) for 48 h. The expression of p21 was
analyzed using qRT-PCR. The results showed that AG490 also increased the p21 expression. The asterisks indicate statistically significant differences compared
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increased the p21 expression; these figures are from three separate experiments.
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Icaritin

mulation of ROS (Figure 6).
These results suggest that
icaritin is a potential option as
a promising therapeutic strat-
egy for imatinib-resistant ch-
ronic myeloid leukemia.
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which is related to the accumulation of production of ROS and the inhibition

of the JAK2/STAT3/p21 pathway.

are regulated by phosphorylated STAT3, which
has transcriptional activity [34]. Based on this
evidence, we proposed that icaritin regulates
p21 expression by suppressing the activation
of JAK2/STAT3 signaling. To validate this
hypothesis, we examined the phosphorylation
of JAK2 and STAT3. In addition, AG490 was
used to treat the K562R and BaF3/T315I cells.
We found that icaritin inhibits the phosphoryla-
tion of JAK2 and STAT3. Consistently, the JAK2
inhibitor, AG490, also represses JAK2/STAT3
activation and increased p21 expression.

Nevertheless, our study has certain limitations.
First, whether there is a relationship between
ROS accumulation and the activation of the
JAK2/STAT3/P21 pathway needs to be investi-
gated. Additionally, icaritin inhibits the prolifer-
ation of imatinib-resistant CML cell lines by
inducing cellular senescence, which needs to
be further validated on primary cells. Finally,
the antitumor effect of icaritin and whether cel-
lular senescence is involved in this effect need
to be further verified in animal models.

In conclusion, icaritin plays a vital role as an
anti-tumor agent in imatinib-resistant CML
cells, inducing the inhibition of proliferation, the
induction of apoptosis, cell cycle arrest, and
cellular senescence induction. More important-
ly, we revealed the effect of icaritin on the
induction of senescence in CML cells, which is
associated with the regulation of the JAK2/
STAT3/P21 axis and accompanied by the accu-
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