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cell cycle checkpoint proteins, including CDK2, CDK4, 
cyclin A, and cyclin D1, and increasing p21 expression. 
Furthermore, in vivo studies showed that administration of 
wogonoside decreased CML cells and prolonged survival 
in NOD/SCID mice with CML cell xenografts. In conclu-
sion, these results clearly revealed the inhibitory effect of 
wogonoside on the growth in CML cells and suggested that 
wogonoside may act as a promising drug for the treatment 
of imatinib-resistant CML.

Keywords  Wogonoside · GATA-1 · Growth · Cell cycle · 
CML

Abbreviations
GATA-1	� GATA binding protein 1
CML	� Chronic myeloid leukemia
ERK	� Extracellular signal-regulated kinase
MEK	� Methyl ethyl ketone
CKI	� Cyclin-dependent kinase inhibitor
DMSO	� Dimethyl sulfoxide
NOD/SCID	� Non-obese diabetic/severe combined 

immunodeficiency

Introduction

Chronic myelogenous leukemia (CML) is the most com-
mon adults leukemia and represents a myeloproliferative 
disorder in consequence of a balanced, reciprocal translo-
cation of chromosomes t (9; 22) (q34; q11) (Jemal et  al. 
2010; Melo and Barnes 2007). This chromosomal translo-
cation leads to the generation of an oncogenic BCR-ABL 
fusion (Melo and Barnes 2007). BCR-ABL fusion onco-
gene is known as to be central to the pathogenesis of CML 
(Rowley 1973). The fusion gene encodes a BCR-ABL 

Abstract  GATA-1, a zinc finger transcription factor, 
has been demonstrated to play a key role in the progres-
sion of leukemia. In this study, we investigate the effects 
of wogonoside, a naturally bioactive flavonoid derived 
from Scutellaria baicalensis Georgi, on cell growth and 
cell cycle in chronic myeloid leukemia (CML) cells, and 
uncover its underlying mechanisms. The experimental 
design comprised CML cell lines K562, imatinib-resistant 
K562 (K562r) cells, and primary CML cells, treated in 
vitro or in vivo, respectively, with wogonoside; growth and 
cell cycle were then evaluated. We found that wogonoside 
could induce growth inhibition and G0/G1 cell cycle arrest 
in both normal and K562r cells. Wogonoside promotes the 
expression of GATA-1 and facilitates the binding to methyl 
ethyl ketone (MEK) and p21 promoter, thus inhibiting 
MEK/extracellular signal-regulated kinase signaling and 
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oncoprotein, which is a constitutively active tyrosine kinase 
and promotes the growth of leukemic cells and resistance 
to apoptosis (Menon 2013; Wei et  al. 2013). Therefore, 
extensive efforts have been made to explore breakthrough 
drugs-tyrosine kinase inhibitors (Tojo 2014). Imatinib, a 
BCR-ABL tyrosine kinase inhibitor, possesses remarkable 
success in CML therapy and was widely used in clinical, 
which changes CML into a chronic disease (Gorre et  al. 
2001; Weisberg and Griffin 2000). Until now, imatinib 
also acts as a frontline drug against CML and carries a 
low risk of morbidity and mortality (Melo and Chuah 
2008). However, the increasing emergence of drug resist-
ance restricts the application of imatinib (Demidenko et al. 
2005). Although several novel tyrosine kinase inhibitors 
have been designed to overcome imatinib resistance, they 
exhibit distinct response patterns relative to different CML 
patient characteristics, such as BCR-ABL mutational status 
and disease stage (Jabbour and Kantarjian 2014). Besides, 
dysregulation of protein phosphorylation, especially at 
the tyrosine residues, is important for the development of 
hematological malignancies (Tojo 2014). Several agents 
are designed to target other biomarkers of CML cells, 
including FLT3 and BTK, but they do not acquire a dra-
matically therapeutic effect (Tojo 2014). Therefore, a num-
ber of promising drugs for imatinib-resistant CML require 
further development.

Recently, cell type-specific transcription factor becomes 
a promising therapeutic target relying on its unique contri-
butions of nuclear organization (Katsumura et  al. 2013). 
GATA-1, a member of the GATA transcription factor fam-
ily, is involved in cell growth of hematologic malignan-
cies (Grass et  al. 2003; Letting et  al. 2004). GATA-1 is 
reported to be a crucial transcription factor for erythroid 
development by regulating the switch from fetal to adult 
hemoglobin, and mutations in GATA-1 gene have been 
associated with X-linked dyserythropoietic anemia and 
thrombocytopenia (Katsumura et  al. 2013). Moreover, 
GATA-1 was found to be involved with the hematopoietic 
lineage specification control and differentiation (Crispino 
2005). Particularly, a significant body of knowledge has 
been accumulated to describe that GATA-1 drives differ-
entiation of megakaryocytes and erythrocytes (Crispino 
2005; Nakajima 2011). In addition, cells that are forced to 
undergo differentiation, is always accompanied by growth 
inhibiting and cell cycle arrest (Huang et al. 2006b). There-
fore, GATA-1-dependent transcriptional regulation plays an 
essential core in progression of hematologic malignancies 
and becomes a hotspot in current leukemia research.

Hematopoiesis is coordinated by a complex regulatory 
network, and GATA-1 is integral to successful hematopoie-
sis (Bresnick et al. 2012). GATA-1 not only acts as a master 

molecule, but also interacts with other protein, which is 
indispensable during hematopoietic cell fate decisions. 
Dysregulation of protein phosphorylation plays a key role 
in development and progression of hematological malig-
nancies (Tojo 2014). Accumulating evidence suggests that 
phosphorylation of a variety of proteins, including MEK 
and extracellular signal-regulated kinase (ERK), is caused 
by the constitutively active of fusion tyrosine kinase in 
CML cells (Quintas-Cardama and Cortes 2009; Ren 2005). 
The phosphorylation of MEK and ERK resulted in deregu-
lated proliferation and survival advantage of leukemia cells 
(Quintas-Cardama and Cortes 2009; Ren 2005). Moreover, 
there is clear a evidence that GATA-1 inhibits the phos-
phorylation of MEK by binding to MEK, thereby inhibit-
ing cell proliferation via a non-transactivation mechanism 
(Tokunaga et al. 2010). Besides, the binding of GATA-1 to 
MEK inhibits downstream ERK signal, which is related to 
proliferation (Tokunaga et al. 2010). As a consequence, the 
binding between GATA-1 and MEK has been regarded as 
a promising drug target. The deregulated proliferation of 
leukemia cell could be reversed via the enhancement of the 
binding of GATA-1 and MEK. In addition, there are more 
evidence that the activation of GATA-1 also induced cell 
cycle arrest by binding to p21 promoter and promote its 
transcription (Matushansky et al. 2000; Papetti et al. 2010). 
p21, a crucially and extensively studied cyclin-dependent 
kinase inhibitor (CKI), exerts pivotal functions in cell cycle 
progression (Sherr and Roberts 1999). Moreover, the acti-
vation of p21 could further affect the expression of other 
cell cycle proteins, which trigger cell cycle arrest together.

Wogonoside is a naturally bioactive flavonoid derived 
from the root of Scutellaria baicalensis Georgi. It is 
known to possess a variety of biological activities includ-
ing anti-inflammation and anti-angiogenesis (Chen et  al. 
2009; Lim 2003). Additionally, wogonoside is a kind of in 
vivo metabolite of wogonin which has been shown to be 
an anticancer candidate (Tai et  al. 2005). It has recently 
been reported that wogonin could induce growth inhibi-
tion and cycle arrest in normal and imatinib-resistant 
K562 (K562r) cells (Yang et al. 2014). Our previous stud-
ies have elucidated that wogonoside possesses anti-leu-
kemic properties with anti-proliferative and cycle arrest 
effects on acute myelogenous leukemia (AML) cells 
(Chen et al. 2013). However, whether wogonoside has the 
similar effect on the CML cell and the exact molecular 
mechanism remains unresolved. Our investigation showed 
that wogonoside induced growth inhibition and cycle 
arrest in CML cells via enhancing the binding ability of 
GATA-1 with MEK and p21. Our findings might provide 
a new sight for the exploitation of natural products for 
CML therapy.
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Materials and methods

Reagents and antibodies

Wogonoside (98  % purity, Langze Pharmaceutical Co, 
Ltd., Nanjing, China) was dissolved in dimethylsulfoxide 
(DMSO) as a stock solution at 0.5 M and stored at −20 °C. 
Cells treated with the highest concentration of DMSO were 
used as control in the corresponding experiments. MTT 
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide] was purchased from Sigma Chemical Co. (St. Louis, 
MO). A nuclear/cytosol fractionation kit (KeyGEN, Nanjing, 
China) was used according to the manufacturer’s directions. 
Primary antibodies against β-actin, GATA-1, MEK, and 
GATA-1 siRNA were obtained from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). Antibodies against p21, ERK, p-ERK 
(Thr 177/160), and p-MEK (Ser 217/221) were products from 
Cell Signaling Technology (Danvers, MA). Primary antibod-
ies against cyclin A, cyclin D1, and CDK4 were products 
from Bioworld (OH, USA). IRDyeTM 800-conjugated sec-
ondary antibodies were purchased from (Rockland Inc., Phil-
adelphia, PA).

Cell culture

Human CML cell line K562 cells were purchased from 
Cell Bank of Shanghai Institute of Biochemistry & Cell 
Biology. The imatinib-resistant K562 cells (K562r) were 
provided by Professor Junia V. Melo, Department of Patho-
physiology, Chemical Biology Division of Shanghai Uni-
versities E-Institutes, Key Laboratory of Cell Differentia-
tion and Apoptosis of the National Ministry of Education. 
Primary leukemic cells from newly diagnosed CML blast 
crisis patients without prior therapy (DrumTower Hospital 
of Nanjing University Medical School, Nanjing, China) 
were collected using lymphocyte–monocyte separation 
medium (Jingmei, Nanjing, China). The protocol of collec-
tion of cells from patients complied with guidelines in the 
Declaration of Helsinki and was approved by the Institu-
tional Review Board of DrumTower Hospital. Cells were 
cultured in RPMI-1640 medium (Gibco, Invitrogen Corpo-
ration, Carlsbad, CA) supplemented with 10  % FBS, 100 
U/ml of penicillin, and 100  mg/ml of streptomycin in a 
humidified environment with 5 % CO2 at 37 °C.

Animal model

Animal studies were conducted in accordance with the 
regulations of the China Food and Drug Administration 
(CFDA) on Animal Care. Female NOD/SCID immuno-
deficient mice (aged 6–9  weeks) were purchased from 
Beijing HFK bioscience Company Limited. The animals 

were maintained under controlled temperature (23  ±  2, 
55  ±  5  % humidity) and under conditions of controlled 
lighting (12-h light/day) pathogen-free room. Animals were 
fed a standard diet of laboratory food and water throughout 
the experimental period. Survival was represented using a 
Kaplan–Meier survival plot.

Cell viability assay

Cells were seeded into 96-well plates (Corning, New York, 
NY) at, respectively, indicated density in 100  μL fresh 
RPMI-1640 medium and then treated with wogonoside at 
different concentrations for 24 h and 48 h. Each group con-
sisted of five parallel wells. Subsequently, 20 μL/well of 
MTT dye (5 mg/ml) was added, and then the plates were 
incubated for another 4  h at 37  °C in a 5  % CO2 atmos-
phere. Then the precipitation of formazan crystals was col-
lected by centrifugation at 4000  rpm/15  min. The super-
natants were removed and DMSO (100 μL) was added to 
dissolve the precipitation. Subsequently, the plates were 
shocked for 2 min, and then absorbance was read at 570 nm 
on an automated microtiter plate reader (EL800, BIO-TEK 
Instruments Inc.). The inhibitory effect of wogonoside on 
cells was calculated according to the following equation:

The concentration that caused 50  % inhibition of cell 
viabilities (IC50) values was calculated by GraphPad Soft-
ware. All assays were performed in triplicate.

Cell proliferation assays in vivo

In vivo investigations were performed using immuno-
deficient (NOD/SCID) mice were sublethally irradiated 
(2.4Gy) and were engrafted with K562, K562r cells and 
primary CML cells via the tail vein (2–5 ×  106 cells per 
mouse, n =  6 per group) in 24  h following the radiation 
treatment. The next day, the mice were injected intraperi-
toneally (i.p.) with or without wogonoside (80  mg/kg) 
every other day for 14  days. Twenty days later, blood of 
the NOD/SCID mice was collected and the expression of 
CD13, a marker of K562, and CD45, a marker of human 
primary CML cells, were examined by flow cytometry with 
a FACSCalibur flow cytometer (Becton, Dickinson, San 
Jose, CA, USA).

Analysis of cell cycle

The cell cycle was analyzed by propidium iodide staining 
and quantified by using a BD FACSCalibur flow cytometer 
(Becton, Dickinson, San Jose, CA) (Tian et al. 2010). The 

Inhibition ratio (%) =

(

Acontrol− Atreated

Acontrol

)

× 100
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percentage of cells in S, G0–G1 and G2-M phases of the 
cell cycle was discriminated by the PI fluorescence signal 
peak versus the integral and quantitated with Modfit soft-
ware (Becton, Dickinson,San Jose, CA, USA).

Preparation of nuclear extracts

The cells were collected at various time points after wogon-
oside (200  μM) treatment or at indicated concentrations 
for 48  h. A nuclear–cytosol fractionation kit (BioVision, 
Mountain View, CA) was used the nuclear and cytosolic 
protein extraction preparations according to the modified 
method as described (Huang et al. 2006a). Then the nuclear 
extract was subjected to western blot analysis and EMSA 
assay.

Western blot analysis

Cells were collected and lysed in lysis buffer (50  mM 
Tris–Cl, pH 7.6, 150 mM NaCl, 1 mM EDTA, 1 % (m/v) 
NP-40, 0.2  mM phenylmethanesulfonyl fluoride (PMSF), 
0.1 mM NaF and 1.0 mM dithiothreitol). The lysates were 
clarified by centrifugation at 4 °C for 15 min at 13,000×g. 
The concentration of protein in the supernatants was meas-
ured using bicinchoninic acid (BCA) assay kit (Pierce, 
Rockford, IL, USA) with a Varioskan multimode micro-
plate spectrophotometer (Thermo Waltham, MA, USA). 
Then equal amounts of extracts (50 μg) were separated by 
8–12  % sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred onto the PVDF 
membranes (Millipore, Boston, MA, USA). The blots were 
incubated with specific antibodies against indicated pri-
mary antibodies overnight at 4 °C followed by IRDyeTM 
800-conjugated secondary antibody for 1 h at 37 °C. Detec-
tion was performed using the Odyssey Infrared Imaging 
System (LI-COR Inc, Lincoln, NE, USA).

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts (8  mg/sample) were prepared as previ-
ously described, and electrophoretic mobility shift assay 
was conducted according to the manufacturer’s instructions 
(EMSA kit, Beyotime, Nanjing, China). The results were 
photographed using a Bio-Rad phosphorimager and ana-
lyzed with Image Lab™ Software version 3.0 (Bio-Rad).

Immunoprecipitation

Cells were treated with 0 and 200 μM of wogonoside for 
48  h. Immunoprecipitation was analyzed as previously 
described (Gu et al. 2008). The proteins were precipitated 

from the supernatants of cell lysates by the incubation of 
Trx-1 antibody. Supernatants of cell lysates were incubated 
with GATA-1 antibody for 1 h at 4 °C, and then added 20 
μL of protein G/A agarose beads (Santa Cruz Biotechnol-
ogy, St. Louis Park, Minnesota, USA) overnight at 4  °C. 
Beads were washed with cell lysis buffer four times, and 
bound proteins were eluted with 2× loading sample buffer 
and analyzed by western blot with indicated antibodies.

Chromatin immunoprecipitation assay (CHIP)

The CHIP assay was performed as described previously 
(Hui et al. 2014). Cells were cross-linked with formalde-
hyde, quenched with glycine, sonicated on ice, and centri-
fuged at 4 °C. Next, cells were incubated with preimmune 
IgG and then anti-GATA-1 with rotation at 4 °C overnight 
and then incubated with protein A/G agarose at 4  °C for 
6  h. Finally, immune complexes were captured by pro-
tein A/G agarose and eluted with elution buffer (1 % SDS 
and 0.1  M NaHCO3) at 37  °C for 30  min. Cross-linking 
was reversed at 65 °C for 4 h in a high salt buffer (0.2 M 
NaCl, 50 mM Tris, pH 6.5, 10 mM EDTA and 0.2 mg/ml 
proteinase K). Extracted and dissolved immunoprecipi-
tated DNA was quantified by real-time PCR with primers 
encompassing the GATA-1-binding sites. The primers for 
the GATA-1 region in p21 promoter (Papetti et  al. 2010) 
quantification were forward: (−2931 bp relative to TATA 
box): TGC AAG GCT GCA TCA GTC CT, and reverse: 
(−2826  bp relative to TATA box): TAG TCC CCA CCC 
AGG ACT GAA. Next, the PCR analyses were performed 
with a real-time PCR kit (TaKaRa Biotechnology, Dalian, 
China).

Transient transfection with small interfering RNA 
(siRNA)

Cells were plated in six-well plates with fresh RPMI 1640 
medium. GATA-1 siRNA transfection was performed using 
Lipofectamine 2000 reagent according to the manufacturer’s 
instructions (Mu et al. 2009).

Statistical analysis

Data were expressed as the mean ±  standard error of the 
mean (SEM). The values were obtained from at least three 
independent experiments. Statistical analysis of multiple-
group comparisons was performed by one-way analysis of 
variance (ANOVA) followed by the Bonferroni post hoc 
test. Comparisons between two groups were analyzed using 
the two-tailed Student’s t test. P value <0.05 was consid-
ered statistically significant.
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Results

Wogonoside inhibits the viability of K562, 
imatinib‑resistant K562 cells and primary CML cells

To assess the effect of wogonoside on leukemia cell viabil-
ity, MTT assay was performed. K562, imatinib-resistant 
K562 (K562r), and primary CML cells were treated with 
various concentrations of wogonoside (4–400 μM) for 24 
or 48 h. As shown in Fig. 1a, cell viability of K562 cells was 
markedly reduced by wogonoside at 24 and 48 h. Moreo-
ver, with exposure time up to 48 h, wogonoside shows more 
obviously growth inhibition than 24 h on K562 cells. The 
IC50 (the concentration of drug inhibiting 50  % of cells) 
values of K562 cells at 24 h and 48 h were 271.5 ± 15.49 
and 123.5 ±  10.99 μM, respectively. Similar results were 
also observed in imatinib-resistant K562 and primary CML 
cells. As the result shows, IC50 values of imatinib-resistant 
K562 cells were 191.4 ± 14.67 and 117.7 ± 12.32 μM at 
24 and 48 h (Fig. 1b). In primary CML cells, IC50 values 

were 441.0 ± 25.32 and 320.8 ± 17.52 μM at 24 and 48 h, 
respectively (Fig.  1c). These results indicated that K562, 
imatinib-resistant K562, and primary CML cells exhibited 
time- and concentration-dependent sensitivity to wogono-
side. Therefore, K562 and imatinib-resistant K562 cell lines 
were chosen for all subsequent experiments with treatment 
of 50, 100, and 200 μM wogonoside for 48 h.

Wogonoside induces cell cycle arrest in K562 
and K562r cells

In order to measure the effects of wogonoside on cell cycle 
progression in K562 and K562r cells, cells were treated 
with 50, 100, and 200  μM wogonoside for 48  h. Next, 
fluorescence-activated cell sorting (FACS) was used to 
analyze the cell cycle status. As shown in Fig. 2a, c, with 
the increased concentration of wogonoside, the number 
of K562 cells in the G1 phase increased and the percent-
age of K562 cells in the S phase decreased accordingly in 
a concentration-depended manner. This suggested that the 

Fig. 1   Growth inhibition effects of wogonoside on CML cells.  
a K562 cells in logarithmic growth phase were incubated in 96-well 
plates with 1 × 104/well, 0.8 × 104/well in 100 μL culture medium, 
then were treated with 100 μL various concentration of wogonoside 
for 24 h and 48 h, respectively. The inhibitory effect of wogonoside 
on K562 cells was detected by MTT assay. b K562r cells in loga-
rithmic growth phase were incubated in 96-well plates with 1.2 ×  
104/well, 1  ×  104/well in 100  μL culture medium and then were 

treated with 100 μL various concentration of wogonoside for 24 and 
48  h, respectively. Cell viability was determined using MTT assay. 
Data were shown as mean ± SD (n = 3). c Primary CML cells were 
incubated in 96-well plates with 5  ×  104/well in 100  μL culture 
medium and then were treated with 100 μL various concentration of 
wogonoside for 24 and 48  h, respectively. Cell viability was deter-
mined using MTT assay. Data were shown as mean ± SD (n = 3)
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wogonoside-treated K562 cells were arrested in the transi-
tion from G1 to S phase.

Consistent with the effect on K562 cells, our find-
ings revealed that wogonoside similarly induced the cycle 

arrest of imatinib-resistant K562 cells (K562r). The BCR-
ABL tyrosine kinase inhibitor imatinib is highly effec-
tive in CML treatment (Dan et  al. 1998). However, drug-
resistant problem restricts the clinical efficacy of imatinib 

Fig. 2   Effects of wogonoside on cell cycle progression in K562 and 
K562r cells. a, b Representative cell cycle analysis performed by 
flow cytometry of K562 and K562r cells treated with 50, 100, and 
200 μM wogonoside for 48 h. c, d The percentages of cells in the G0/

G1 phases of cell cycle following wogonoside treatment for 48 h are 
shown. Data represent mean ± SEM from three independent experi-
ments. Asterisks denote statistically significant (P < 0.05) differences 
compared with controls by one-way ANOVA
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(Demidenko et  al. 2005). We found that wogonoside 
arrested the cell cycle at the G0/G1 phase in K562r cells 
(Fig. 2b, d). It may provide a new therapeutic strategy for 
treating CML and reversing CML drug resistance with a 
different mechanism from imatinib, suggesting the possible 
sensitivity of wogonoside to K562r cells.

Effects of wogonoside on nuclear transcription factor 
GATA‑1 in K562 and K562r cells

GATA-1 is known as a crucial nuclear transcription factor that 
regulates cell proliferation, differentiation, and erythroid cell 
development (Chou et al. 2009; Rylski et al. 2003). Our previ-
ous study also demonstrated that GATA-1 plays a key role in 

wogonin-induced growth inhibition and cycle arrest of CML 
cells (Yang et  al. 2014). To determine whether the growth 
inhibitory effect of wogonoside on K562 and K562r cells is 
related to activation of GATA-1, we first fractionated nuclei 
and cytoplasm/membrane proteins and detected nuclear pro-
teins expression of the CML cells in the presence of 200 μM 
wogonoside for 0, 12, 24, 36, and 48 h. As shown in Fig. 3a, b 
and d, e, wogonoside elevated the expression level of nuclear 
GATA-1 in a time-dependent manner in both K562 and 
K562r cells. Next, to further confirm the mechanism and the 
inhibition efficiency of different concentrations of wogono-
side on K562 and K562 cells, cells were exposed to 50, 100, 
and 200 μM wogonoside for 48  h. Results of western blot 
analyses showed that levels of nuclear GATA-1 increased 

Fig. 3   Wogonoside regulates the expression of GATA-1 in K562 and 
K562r cells. a, d Expression levels of GATA-1 of the nuclear frac-
tions of K562 and K562r cells were analyzed by western blotting. 
Lamin A was used as a nuclear loading control. b, e Data represent 
the mean ± SEM of three different experiments. Asterisks denote sta-
tistically significant (P < 0.05) differences compared with controls by 
one-way ANOVA. c, f EMSA assay to detect GATA-1 binding to its 

consensus site is shown. K562 and K562r cells were incubated with 
wogonoside (200 μM) for 48  h, and DNA binding was determined 
in nuclear extracts using EMSA. To determine the composition of 
the DNA-binding complex, the anti-GATA-1 antibody was used for 
supershift experiments. Data are representative of three separate 
experiments
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in a concentration-dependent manner (Fig.  3a, b and d, e). 
Moreover, EMSA results showed a concentration-dependent 
increase in DNA binding of GATA-1(Fig. 3c,  f). Therefore, 
it is concluded that wogonoside significantly upregulated the 
expression of GATA-1 when induced growth inhibition and 
cycle arrest in CML cells, suggesting that GATA-1 might be a 
potential target in wogonoside-treated CML cells.

Wogonoside facilitates the interaction between GATA‑1 
and MEK and inhibits phosphorylation of MEK 
and ERK in K562, K562r, and primary CML cells

In the above results, we found that wogonoside promoted 
GATA-1 activation and induced proliferation inhibition in 
K562 and K562r cells. We speculate that the upregulation 
of GATA-1 is responsible for the proliferation inhibition. 
Next, we further investigate the specific molecular mecha-
nism of wogonoside-induced proliferation inhibition. Pre-
vious studies have demonstrated that CML is characterized 
by accumulation and proliferation of myeloid cells and 
precursors (Cai et al. 2012), which is associated with sev-
eral downstream proteins phosphorylation, including MEK 
and ERK (Quintas-Cardama and Cortes 2009; Ren 2005). 
Moreover, in view of the binding of GATA-1 to MEK is 
involved with the inhibition of MEK pathway (Tokunaga 
et al. 2010), we next detected the effects of wogonoside on 
the binding ability between GATA-1 and MEK by immu-
noprecipitation assay. The two CML cells were treated 
with or without 200 μM wogonoside for 48 h respectively. 
As shown in Fig. 4a, b and c, d, wogonoside enhanced the 
binding of GATA-1 to MEK in both K562 and K562r cells.

To certify whether the phosphorylation of MEK and 
ERK in CML cells could be inhibited following wogono-
side induced binding of GATA-1 to MEK, we detected the 
protein expression of K562 and K562r cells in the pres-
ence of 200 μM wogonoside for 0, 12, 24, 36, and 48 h. 
As shown in Fig.  4e–h, wogonoside markedly down-
regulated the expression level of p-MEK and p-ERK in a 
time-dependent manner in both K562 and K562r cells. 
Moreover, similar to the results of CML cell lines, primary 
CML cells treated with wogonoside for 48 h also showed 
notable reduction in phosphorylated MEK and ERK, and 
the expression level of GATA-1 and p21 is also upregu-
lated (Fig.  5g). Taken together, the results suggested that 
wogonoside facilitated the interaction between GATA-1 
and MEK, inhibited phosphorylation of MEK and ERK, 
and then caused the proliferation inhibition of CML cells.

Effects of GATA‑1 on wogonoside‑induced cell cycle 
in K562 and K562r cells

To further investigate the molecular mechanism of wogono-
side on the cell cycle arrest in K562 and K562r cells, we 

examined expression level of several G0/G1-related proteins 
in these two CML cell lines after 0, 50, 100, and 200 μM 
wogonoside treatment 48  h. Results showed that wogono-
side significantly upregulated the expression of p21, which 
is a crucially and extensively studied CKI (Sherr and Rob-
erts 1999). Furthermore, wogonoside downregulated cyclin-
dependent kinase 4 (CDK4), CDK2, cyclin A, and cyclin 
D1 in both cell lines (Fig. 5c–f). It is reported that CDK4 
and cyclin D1 is indispensable for transition through the 
early G1 phase, whereas CDK2 and cyclin A are necessary 
for the completion of the G1 phase and the initiation of the 
S phase (Vermeulen et al. 2003). These results indicated that 
wogonoside could arrest cell cycle at G0/G1 phase by regu-
lating several cell cycle checkpoints in human CML cells.

In addition, a literature search revealed that GATA-1 binds 
to the promoter of p21 and triggers its transcriptional activa-
tion (Matushansky et al. 2000; Papetti et al. 2010). Our pre-
vious studies also revealed that wogonin enhanced the bind-
ing ability between GATA-1 and p21 promoter in both K562 
and K562r cells (Yang et al. 2014). We next investigated the 
effects of wogonoside on p21 expression. CHIP assay dem-
onstrated that 48 h wogonoside treatment could significantly 
facilitate the binding of GATA-1 to p21 promoter in K562 
and K562r cells (Fig. 5a, b). Also, wogonoside increased the 
expression of p21 in both K562 and K562r cells (Fig. 5c, e).

As a whole, these results indicated that wogonoside pro-
moted the binding of GATA-1 to p21, triggered the activa-
tion of p21, regulated the downstream cell cycle-related 
proteins, and finally caused cell cycle arrest in K562 and 
K562r cells. Similar to GATA-1/MEK signaling, GATA-
1-p21 pathway also plays a key role in wogonoside-induced 
CML cells cycle arrest (Fig. 5).

GATA‑1 deficiency suppresses wogonoside‑induced 
growth inhibition and cycle arrest effects on K562 
and K562r cells

To investigate whether the growth inhibition and cycle 
arrest effects of wogonoside on CML cells is dependent on 

Fig. 4   Wogonoside facilitates the interaction between GATA-1 and 
MEK and influences the expression of MEK-related proteins. a, c 
K562 and K562r cells incubated with or without 200 μM wogonoside 
for 36  h were immunoprecipitated with anti-GATA-1 antibody, fol-
lowed by western blot analysis with anti-MEK antibodies. b, d Quan-
tification of the precipitated MEK in K562 and K562r cells. Data rep-
resented the mean ±  SEM of three different experiments. Asterisks 
denote statistically significant (P < 0.05) differences compared with 
controls by one-way ANOVA. e, g K562 and K562r cells were treated 
with 200 μM wogonoside for 0, 12, 24, 36, and 48  h. Expression 
levels of MEK, p-MEK, ERK, and p-ERK were analyzed by west-
ern blotting using indicated antibodies. β-Actin was used as a loading 
control. f, h Quantification of MEK/ERK phosphorylation inhibition. 
Data represented the mean ±  SEM of three different experiments. 
Asterisks denote statistically significant (P < 0.05) differences com-
pared with controls by one-way ANOVA

▸
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GATA-1, cells were transfected with GATA-1 siRNA and 
the efficacy of transfection monitored using western blot 
(Fig.  6a). Upon silencing of GATA-1,MTT assay showed 
that GATA-1 siRNA partially impaired wogonoside-induced 
CML cells proliferation inhibition (Fig. 6b). Moreover, trans-
fection of CML cells with GATA-1 siRNA led to significant 
inhibition of wogonoside-induced cell cycle arrest (Fig.  6c, 
d). Meanwhile, the upregulation of cell cycle regulators 
induced by wogonoside was also reduced (Fig.  6e, f). Col-
lectively, these results confirm that growth inhibition and cell 

Fig. 5   Wogonoside increases GATA-1 binding to p21 promoter 
and promotes the expression of cell cycle-related proteins in K562 
and K562r cells. a, b Activity of GATA-1 binding to p21 promoter 
in K562 and K562r cells were detected by CHIP assay. The bars 
indicate the percentages of input DNA fragments present in spe-
cific immunoprecipitates. c, e Expression levels of cyclin A, CDK2, 
CDK4, cyclin D1, and p21 were analyzed by western blotting after 
K562 and K562r cells treated with 50, 100, 200  μM wogonoside 

for 48  h. β-Actin was used as a loading control. Results are repre-
sentative of 3 independent experiments. d, f Quantification of the data 
shown in c, e. Data represented the mean ± SEM of 3 different exper-
iments. Asterisks denote statistically significant (P < 0.05) differences 
compared with controls by one-way ANOVA. g Expression levels of 
GATA-1, MEK, p-MEK, ERK and p-ERK were analyzed by west-
ern blotting using indicated antibodies. β-actin was used as a loading 
control in primary CML cells

Fig. 6   GATA-1 is involved in wogonoside-modulated growth inhi-
bition and cell cycle arrest. K562 and K562r cells were transfected 
with nonspecific siRNA and GATA-1 siRNA treated with or with-
out 200 μM wogonoside for 48  h. a Confirmation of the silencing 
of GATA-1 expression was detected by western blotting with β-actin 
as a loading control. b Growth inhibition effect of wogonoside was 
assessed by MTT assay. c, d The percentages of cells in G0/G1 
phases of the cell cycle are shown. Data represent the mean ± SEM 
of three different experiments. Asterisks denote statistically sig-
nificant (P  <  0.05) differences compared with controls by one-way 
ANOVA. e, f Effect of silenced GATA-1 on the expression of growth-
related proteins and cell cycle checkpoint proteins

▸
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cycle arrest induced by wogonoside is mediated by GATA-1 
and supported the requirement of GATA-1 in CML treatment.

Anti‑proliferative effects of wogonoside on CML cells 
in vivo

We next examined the effects of wogonoside in vivo. 
Twenty days after injection with K562, K562r and pri-
mary CML cells, blood samples from mice randomly 
picked in each group were examined for CD13 expres-
sion, a surface marker of K562 cells, and CD45 expres-
sion, a surface marker of human primary CML cells. The 

results showed that mice inoculated K562 and K562r cells 
expressed more CD13 than normal mice and wogonoside 
significantly decreased the expression of CD13 in K562 
and K562r group (Fig. 7a). Mice inoculated primary CML 
cells expressed more CD45 than normal mice and wogono-
side significantly decreased the expression of CD45 in pri-
mary CML cell group (Fig. 7b). Wogonoside also extended 
the survival of CML-bearing mice compared with mice in 
the control group (Fig.  7c). The median survival time of 
mice injected with K562, K562r cells, and primary CML 
cells were 36.5 ±  6.5, 26 ±  2.3, and 21.5 ±  3.2  days in 
the control groups and were 53.5  ±  9.6, 44  ±  7.8, and 

Fig. 7   Effects of wogonoside on CML-bearing NOD/SCID mice. 
a CD13 expression was examined in blood samples from three mice 
of each group in CML cell lines-bearing groups. Data represent the 
mean ± SEM of three different experiments. Asterisks denote statis-
tically significant (P  <  0.05) differences compared with controls by 
one-way ANOVA. b CD45 expression was examined in blood sam-
ples from three mice of each group in primary CML cells-bearing 
group. Data represent the mean  ±  SEM of three different experi-
ments. Asterisks denote statistically significant (P < 0.05) differences 
compared with controls by one-way ANOVA. c A Kaplan–Meier 
survival plots of CML-bearing NOD/SCID mice are shown. K562, 

K562r and primary CML cells were injected into the tail vein 24 h 
(2–5 × 106 cells per mouse, 6 mice per group) after sublethally irra-
diation (2.4 Gy). Starting the next day, mice were injected intraperi-
toneally with or without wogonoside (80 mg/kg) every other day for 
14 days. The blank animal group, without CML cells treated with sol-
vent, was used to evaluate survival ability. Data are representative of 
two separate experiments. Animals were observed for 80  days after 
cell injection. The survival curves differed significantly between the 
wogonoside-treated group and the control group. Wogonoside pro-
longed survival in mice compared with controls (P < 0.001; log-rank 
test)
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26.5 ± 10.1 days in the wogonoside-treated groups. These 
results demonstrated that wogonoside suppressed prolifera-
tion of CML cells in vivo.

Discussion

Although our previous studies clarify that wogonin could 
induce proliferative inhibition and cell cycle arrest in CML 
cells and wogonoside, a metabolite of wogonin, possesses 
remarkable anti-leukemic properties in AML cells (Chen 
et  al. 2013; Yang et  al. 2014), the anti-CML effects of 
wogonoside and its underlying mechanism remain unclear. 
This study demonstrated that wogonoside exerted inhibitory 
effects on cell growth and cell cycle in K562 and imatinib-
resistant K562 cells, which suggest that wogonoside has a 
potential anti-leukemia effect in CML cells. Moreover, our 
investigation confirmed that nuclear transcription factor 
GATA-1 is important in wogonoside-induced blockade of 
cell cycle progression and proliferative inhibition (Fig. 6). 
The binding of GATA-1 to MEK and p21 promotor con-
tributed to growth inhibition and cycle arrest in CML cells.

Recently, flavonoids are widely investigated in cancer 
research for its unique pharmacological properties (Chen 
et al. 2013; Hui et al. 2014; Ikemoto et al. 2000; Yang et al. 
2014). Wogonin, one of flavonoids extracted from Scutel-
lariae radix, has been reported to have several biological 
effects including anti-tumor activity in various cancer cells 
(Ikemoto et  al. 2000; Li-Weber 2009). In particular, previ-
ous studies have provided evidence that wogonin exerts 
therapeutic potential in treating hematological malignan-
cies (Baumann et al. 2008; Yang et al. 2014). The research 
of flavonoid metabolism showed that flavonoid aglycones 
undergo rapid and extensive metabolism after either oral or 
intravenous administration. Moreover, glucuronide or sulfate 
conjugates is the main form of flavonoid aglycones into the 
blood stream, and when flavonoid aglycones enter the blood 
stream, unchanged aglycone became barely detectable, but 
the levels of glucuronic acid conjugates are high. In addi-
tion, the glucuronidation altered the physicochemical proper-
ties of flavonoids and then affected the biological activity of 
aglycones. The metabolic process was regard as a detoxifica-
tion process (Li et al. 2011; Walle 2004). Therefore, the glu-
curonic acid conjugates may contribute to the safe biological 
activities of flavonoid and become an important modification 
site. Wogonoside is just such a flavonoid, which is a metabo-
lite of wogonin and is considered as a safe candidate of anti-
cancer drugs. Indeed, it has been reported that wogonoside 
possess anti-leukemic properties (Chen et al. 2013). Our data 
also demonstrated that the wogonoside-treated mice possess 
a longer survival compared to wogonin group (Fig. 7).

Hematologic malignancies is characterized by dis-
rupted actions of physiological regulators of blood cells, 

and transcription factor GATA has been shown to be a 
master regulator of hematopoietic cells and play a pivotal 
role in hematopoiesis (Bresnick et  al. 2012). In particu-
lar, an increasing evidence demonstrated that GATA-2, a 
member of GATA family, and its target genes are impli-
cated in human hematologic pathophysiologies and leuke-
mogenesis (Bresnick et  al. 2012). It is instructive to con-
sider the underlying therapeutic potential by thwarting 
GATA-2-dependent signaling. Here, we highlighted the 
function of GATA-1 in the treatment of CML. GATA-1 
has been reported to promote erythrocyte, megakaryocyte, 
mast cell, and eosinophil development, and was consid-
ered to affect the cell fate (Migliaccio et al. 2003; Yu et al. 
2002). GATA-1 is a zinc finger transcription factor and 
the zinc finger closest to the amino terminus (N-finger), 
which mediates an important and extensive protein–protein 
interaction (Tsang et  al. 1997). Moreover, GATA-1 with 
its broad N-terminus can enhance activation of the target 
gene (Johnson et al. 2006). Previous studies demonstrated 
that GATA-1 suppresses a number of genes transcription, 
including GATA-2 (Grass et al. 2003; Letting et al. 2004). 
Furthermore, the interaction of GATA factors has been 
found to be a general mechanism for controlling develop-
mental processes of blood cells (Bresnick et  al. 2010). It 
reveals unique opportunities for seeking drugs targeting 
GATA-1, then to achieve inhibition of GATA-2-dependent 
processes and enhancement of protein–protein interaction.

Our previous research showed that wogonin displays 
anti-CML properties via regulating the function of GATA-
1. Therefore, further studies focused on the effect of 
wogonoside in CML cells by regulating GATA-1. In this 
study, we found that wogonoside has the similar effect 
to wogonin on cell growth inhibition (Fig.  1). Moreover, 
mechanism investigation demonstrated that wogonoside 
significantly enhanced the expression of GATA-1 in a con-
centration- and time-dependent manner in both K562 and 
imatinib-resistant K562 cells (Fig. 3). Drug-resistant prob-
lem restricts the application of imatinib for CML patients 
(Wei et  al. 2013), K562r cells responding to wogonoside 
might indicate that new agent except tyrosine kinase inhibi-
tor is feasible for CML therapy. As research continued to 
deepen, the mechanism behind growth inhibition mediated 
by GATA-1 has become much clearer. Phosphorylations 
of MEK and ERK contribute to the leukemic malignancy 
(Quintas-Cardama and Cortes 2009; Ren 2005). Moreo-
ver, it is reported that GATA-1 inhibits the phosphorylation 
of MEK by binding to MEK, thereby inhibiting the cell 
proliferation via a non-transactivation mechanism (Toku-
naga et al. 2010). Our data showed that 200 μM wogono-
side markedly facilitated the binding ability of GATA-1 to 
MEK (Fig.  4a, c) and then inhibited MEK and its down-
stream ERK phosphorylation in both K562 and K562r 
cells (Fig.  4e, g). Therefore, we confirmed the key role 
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of GATA-1/MEK/ERK signal pathway in wogonoside-
induced growth inhibition of K562 and K562r cells.

It is well known that tumorigenesis is accompanied by 
deregulated cell proliferation and unlimited cell cycle; there-
fore, cell cycle arrest induction is regarded as an effective 
strategy for cancer therapy (Buolamwini 2000; Hajduch 
et  al. 1999). Here, we found that wogonoside induced G0/
G1 phase arrest in both K562 and imatinib-resistant K562 
cells after treatment for 48 h (Fig. 2). Moreover, the mecha-
nism investigation suggested that wogonoside enhanced the 
binding ability of GATA-1 to p21 promoter, which activated 
its expression (Fig. 5e). G1/S transition, an important check-
point, is tightly controlled by cyclin/cyclin-dependent kinase 
(Cdks) complexes and plays crucial role in maintaining cell 
proliferation. For instance, CDK4 and cyclin D1 is indis-
pensable for transition through the early G1 phase, whereas 
CDK2 and cyclin A are necessary for the completion of the 
G1 phase and the initiation of the S phase (Vermeulen et al. 
2003). In addition, p21 exerts pivotal function in regulation 
of cell cycle-related proteins (Sherr and Roberts 1999). Our 
further investigation revealed that these G0/G1 transition 
regulatory proteins were involved with wogonoside-induced 
cell cycle arrest in K562 and K562r cells and that activa-
tion of p21 could further downregulated the expression of 
downstream cycle-related proteins, which trigger the cell 
cycle arrest together (Fig. 5a, c). These results indicated that 
wogonoside-induced GATA-1 played a significant role in 
regulation of cell cycle in human CML cells.

The further investigation revealed that wogonoside also 
inhibited the viability of primary CML cells and upregulated 
the GATA-1 expression. Meanwhile, wogonoside exhib-
ited an inhibitory effect on phosphorylation of MEK and 
ERK in primary CML cells (Fig.  5g). However, we found 
that wogonoside showed no effect on the cell cycle arrest 

of primary CML cells, even the expression level of p21 was 
increased. It might be due to the fact that the proliferation of 
primary cells is slow in vitro and the cycle change is non-
detectable. Moreover, it has been reported that p21 exerts a 
function in development of cancer and uncoupled from cell 
cycle, and the upregulation effect of wogonoside on p21 may 
involve in growth inhibition of primary CML cells (Abbas 
and Dutta 2009). Thus, wogonoside-induced GATA-1 acti-
vation was involved with two distinct signal pathways, one 
linked to MEK/ERK and the other was associated with p21, 
both exhibiting anti-CML function (Fig.  8). Our findings 
proposed that wogonoside could be a potential candidate for 
treating CML with high efficiency and low toxicity.
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