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Abstract. The high-mobility group box 1 (HMGB1) protein 
is a DNA-binding nuclear protein, which is overexpressed in 
leukemia cells. Cordycepin is characterized by strong anti-
leukemic properties and is regarded as an effective natural 
compound for leukemia therapy. The aim of the present 
study was to investigate the impact of HMGB1 knockdown 
and cordycepin treatment on proliferation, apoptosis, reactive 
oxygen species (ROS) levels and adhesion of K562 human 
chronic myeloid leukemia cells. The Cell Counting kit-8 
assay was used to determine the proliferation of K562 cells. 
The cell cycle and apoptosis of K562 cells was determined 
using flow cytometric analysis. In addition, a cell adhesion 
assay was performed. Western blotting was used to determine 
the protein expression of cyclooxygenase 2, Bax, receptor 
for advanced glycation end-products and Bcl-2. The data 
collected demonstrated that HMGB1 knockdown combined 
with cordycepin treatment had significant anti‑proliferative 
and pro-apoptotic effects. In addition, it increased the ROS 
levels and reduced the adhesion of K562 cells. It was also 
identified that HMGB1 knockdown had synergistic effects 
with cordycepin, which aided in accelerating apoptosis, and 
inhibiting proliferation and adhesion in chronic myeloid 
leukemia cells. These results indicated that HMGB1 may be 
used as a potential therapeutic target, with cordycepin having 
potential as an auxiliary drug. Therefore, it is suggested that 
HMGB1 knockdown and corycepin treatement may present a 
promising therapeutic strategy for leukemia.

Introduction

Chronic myeloid leukemia (CML) is a hematopoietic stem 
cell disorder; which has serious implications on health 
and life expectancy (1). It is diagnosed by the presence of a 
specific abnormality karyotype Philadelphia (Ph) chromo-
some, harboring the BCR-ABL oncogene (2). CML follows 
progression from a chronic phase to an accelerated phase or 
to a rapidly fatal blast crisis within 3-5-years in patients (3). 
It has been reported that imatinib, nilotinib and dasatinib can 
be used in the treatment of patients with CML (4). At present, 
treatment strategies for leukemia remain unsatisfactory, thus it 
is imperative to fully elucidate the molecular mechanisms of 
leukemia. It will be undoubtedly a general trend that molecular 
therapy combined with anti-leukemia natural compound are 
employed in leukemia treatment (5).

High mobility group box 1 (HMGB1), a DNA-binding 
nuclear protein predominantly involved in the inflamma-
tory response, has a close association with the growth of 
tumor cells, invasion and metastasis (6,7). It is the prototypic 
damage-associated molecular pattern (DAMP) molecule and 
has been implicated in several inflammatory disorders (8). 
High levels of HMGB1 have been previously detected 
in leukemia cells (9). HMGB1 is known to be a type of 
anti-apoptotic binding protein and its over-expression is able 
to inhibit cell apoptosis, leading to the occurrence of leukemic 
growth (10). The upregulation of HMGB1 mRNA expression 
has been identified in a number of tumor types (11-13). In addi-
tion, HMGB1 has been reported to reduce the sensitivity of 
K562 human myeloid leukemia cells to anticancer drugs (14). 
Therefore, targeting the HMGB1 ligand or its receptor repre-
sents an important potential application in leukemia therapy. 
Cordycepin (3'-deoxyadenosine) is a key bioactive component 
isolated from C. militaris. It has been reported to possess 
numerous pharmacological activities, including immunolog-
ical stimulation, anticancer and antileukemic effects (15-17). 
Previous studies have indicated that cordycepin has a range of 
molecular targets and influences numerous biochemical and 
molecular processes (18-20). However, the molecular mecha-
nisms of cordycepin on leukemia remain to be fully elucidated.

In the present study, HMGB1 knockdown cells were 
established using the lentiviral infection method. The effects 
of HMGB1 knockdown in combination with cordycepin treat-
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ment on proliferation, apoptosis, reactive oxygen species (ROS) 
and adhesion of the K562 leukemia cell line were evaluated. 
In addition, whether cordycepin exhibited synergistic action 
with the HMGB1 knockout was investigated, which aimed to 
provide insight into CML treatment.

Materials and methods

Cell culture, transfection and treatment. The K562 and 293T 
human CML cell lines were purchased from the American 
Type Culture Collection (Manassas, VA, USA) and cultured 
in Dulbecco's modified Eagle's medium (DMEM; Invitrogen 
Life Technologies, Carlsbad, CA, USA) containing 10% 
(v/v) heat-inactivated fetal bovine serum (FBS; Gibco Life 
Technologies- Carlsbad, CA, USA), 100 mg/ml streptomycin 
and 100 U/ml penicillin (Beyotime Institute of Biotechnology, 
Haimen, China) at 37˚C in a humidified 5% CO2 atmosphere. 
Cells with HMGB1 high-expression were screened for trans-
fection by means of western blotting. The small interfering 
RNA (siRNA)-HMGB1 plasmid was provided by JRDUN 
Biotechnogy (Shanghai) Co., Ltd. (Shanghai, China). The 
HMGB1 plasmid (3 mg) or mock-vehicle were transfected into 
K562 cell lines in 6-well plates (1 mg/ml) using the pCMV-
G-NR-U6-shRNA lentiviral vector (Shanghai Genechem 
Co., Ltd., Shanghai, China), according to the manufacturer's 
instructions. Cells were treated with cordycepin (30 µmol/l) 
for 48 h, and then were subjected to cell assays.

Cell viability assay. For the cell viability assay, cells (5x105/ml) 
were seeded into 96-well plates and cultured for 0, 24, 48 and 
72 h at 37˚C. Subsequently, 100 µl serum free DMEM 
containing 10% Cell Counting kit-8 (CCK-8; Beyotime 
Institute of Biotechnology) reagent (v/v) was added into each 
well and the cells were cultured for 1 h in 5% CO2 at 37˚C. 
Finally, optical density values (OD) were read at 450 nm using 
a SpectraMax® i3x microplate reader (Molecular Devices, 
Sunnyvale, CA, USA).

Detection of cell cycle and apoptosis by flow cytometric 
analysis. The cell cycle was assessed according to the 
percentage of cells with DNA using the propidium iodide (PI) 
staining technique. With or without cordycepin treatment for 
48 h, cells (5~10x104) were harvested and stained using an 
Annexin V‑fluorescein isothiocyanate/PI kit (BD Biosciences, 
Franklin Lakes, NJ, USA). Staining was performed according 
to the manufacturer's instructions. The apoptosis of K562 
cells was determined by flow cytometric analysis using a 
FACSCaliber flow cytometer (BD Biosciences).

Detection of ROS. The generation of ROS was assessed by 
flow cytometry. In brief, cells (5x104 cells/well) were cultured 
and washed with phosphate-buffered saline (PBS) and resus-
pended in complete medium followed by incubation with 
50 µM dihydrorhodamine (DHE; Vigorous Biotechnology, 
Beijing, China) for 30 min at 37˚C. ROS fluorescence intensity 
was determined by flow cytometry with excitation at 490 nm 
and emission at 520 nm.

Cell adhesion assay. The cell adhesion assay was conducted 
in 12-well plates according to the method described previ-

ously (21). The wells were precoated with fibronectin 
(Sigma-Aldrich, St. Louis, MO, USA) overnight at room 
temperature. K562 cells were harvested and re-suspended 
in DMEM containing 10% FBS; then, cells were added 
(2x105/well) to each well and incubated at 37˚C for 1 h. The 
wells were washed twice with warm PBS to remove the unat-
tached cells, and the attached cells were fixed with methanol 
for 15 min and stained with crystal violet (Sigma-Aldrich) for 
20 min. Subsequent to staining, the cells were observed using 
an optical BX51 microscope  (Olympus, Tokyo, Japan).

Western blot analysis. Following the above treatments, cells 
were harvested and lysed in radioimmunoprecipitation assay 
buffer (Beyotime Institute of Biotechnology) and protease 
inhibitor cocktail (Sigma-Aldrich) for 10 min at 4˚C. The protein 
concentration was determined using Bicinchoninic Acid Protein 
Assay Reagent (Thermo Fisher Scientific, Waltham, MA, USA). 
Subsequently, equal quantities of denatured protein (20 µg) 
were separated on 10% SDS-PAGE gels (Beyotime Institute of 
Biotechnology), then transferred to nitrocellulose membranes 
(Pall Corporation, Pensacola, FL, USA) and incubated overnight 
at 4˚C with a cyclooxygenase  2 (COX-2, Abcam, Cambridge, 
MA, USA, cat. no. Ab62331, 1:500), receptor for advanced 
glycation end products (RAGE, Abcam, cat. no. Ab54741, 
1:1,000), Bax (Santa Cruz Biotechnology, Inc., Dallas, TX, USA, 
cat. no. Sc-493, 1:150) and Bcl-2 (Santa Cruz Biotechnology, Inc., 
cat. no. Sc-492, 1:100) monoclonal primary antibodies, followed 
by incubation with a goat anti-mouse/horseradish peroxidase 
conjugated secondary antibody and chemiluminescence detec-
tion (ECL; Millipore, Billerica, MA, USA). To ensure equivalent 
protein loading, antibodies targeted against GAPDH were used, 
and the protein expression levels were normalized to GAPDH. 
The western blots presented in the figures are representative of 
three independent experiments unless otherwise indicated.

Statistical analysis. All data are presented as the mean ± stan-
dard deviation of three determinations. For statistical analysis, 
Prism, version 5.0 (GraphPad Software, Inc., La Jolla, CA, 
USA) was used. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

HMGB1 knockdown and cordycepin inhibit the proliferation 
of K562 cells. In order to evaluate the effects of HMGB1 
knockdown with/without cordycepin treatment on the prolif-
eration of K562 cells, the OD (450 nm) value of K562 cells 
was detected using the CCK-8 assay. As presented in Table I, 
the proliferation of K562 cells in the mock with cordycepin, 
siRNA-HMGB1 and siRNA-HMGB1 with cordycepin groups 
was significantly inhibited at 24, 48 and 72 h (P<0.01), when 
compared with the mock group. The results of the present 
study indicate that the knockdown of HMGB1 may signifi-
cantly inhibit the proliferation of K562 cells.

Cell cycle analysis demonstrated that the mock cells treated 
with cordycepin, HMGB1 knockdown cells and HMGB1 
knockdown cells treated with cordycepin exhibited G1 arrest 
prior to the appearance of apoptosis in K562 cells. The cells in 
the S and G2 phases were additionally reduced compared with 
the mock (Fig. 1A and B).
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Table I. Effect of HMGB1 knockdown on proliferation of the K562 cell line.
 
Group 0 h 24 h 48 h 72 h

Mock 0.317±0.0025 0.531±0.0062 0.839±0.0070 1.054±0.0269
Mock + cordycepin 0.317±0.0055  0.476±0.0045a  0.671±0.0060a 0.838±0.0096a

siRNA-HMGB1 0.316±0.0055  0.460±0.0032a  0.638±0.0096a 0.771±0.0060a

siRNA-HMGB1 + cordycepin 0.315±0.0059  0.417±0.0053a  0.561±0.0064a 0.661±0.0064a

siRNA, small interfering RNA; HMGB1, high-mobility group box 1 protein.

Figure 1. Results of cell cycle analysis in the mock (cells treated with the control vector), mock + cordycepin, siRNA-HMGB1 (HMGB1 gene knockdown) and 
siRNA-HMGB1 + with cordycepin groups. (A) Representative results for cell cycle distribution. (B) Data pooled from three independent experiments illustrating 
the cell-cycle distribution. **P<0.01, vs. mock group; *P<0.05, vs. mock group. siRNA, small interfering RNA; HMGB1, high-mobility group box 1 protein.
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Figure 3. Level of ROS generation in K562 cells. (A) HMGB1 knockdown was treated with cordycepin and ROS generation was examined by flow cytometry. 
(B) Treatments compared with mock. ROS levels were observed to significantly increase. **P<0.01 vs. mock. ROS, reactive oxygen species; siRNA, small 
interfering RNA; HMGB1, high-mobility group box 1 protein.

Figure 2. Results of the apoptosis assay from flow cytometric analysis. (A) Representative flow cytometry results. (B) Apoptosis assay results. The data are 
presented as the mean ± standard deviation, n=3, **P<0.01, vs. mock group. The percentage of apoptotic cells identified were 1.2% in the mock group, 27.9% in 
the mock + cordycepin group, 35.7% in the siRNA-HMGB1 group and 46.1% in the siRNA-HMGB1 + cordycepin group. Mock, cells treated with the control 
vector; siRNA-HMGB1, HMGB1 knockdown in K562 cells. siRNA, small interfering RNA; HMGB1, high-mobility group box 1 protein.
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HMGB1 knockdown and cordycepin encourage the apoptosis 
of K562 cells. To estimate the anti-proliferative effect of 
HMGB1 knockdown, cordycepin treatment and the combined 
action of HMGB1 knockdown + cordycepin in contributing 
to the inhibition of K562 cell apoptosis, flow cytometric 
analysis was performed. From the results obtained, the mock 
cells treated with cordycepin, HMGB1 knockdown cells and 
HMGB1 knockdown cells treated with cordycepin exhibited 
significantly increased apoptosis rates of K562 cells compared 
with the mock (Fig. 2).

ROS generation was identified following HMGB1 and cordy‑
cepin treatment. Excessive generation of ROS in the cell is also 
shown to induce apoptosis (22). The fluorescent probe DHE was 
used to determine the levels of ROS production in K562 cells. 
As presented in Fig. 3, rapid generation of ROS was detected 
following HMGB1 knockdown and cordycepin treatment.

HMGB1 knockdown and cordycepin inhibit the adhesion of 
BGC‑823 cells by downregulating RAGE levels. As presented 
in Fig. 4A and B, cell adhesion was significantly inhibited, 
compared with that in the mock group. The present study indi-
cated that the knockdown of HMGB1 was able to significantly 
suppress adhesion of K562 cells. RAGE is a receptor for DAMP 
molecules and reacts in particular with HMGB1 (23). RAGE 
acts as an adhesion molecule and the expression level was 

observed to be significantly downregulated; thus, suggesting 
that HMGB1 knockdown and treatment with cordycepin are 
able to inhibit adhesion by downregulating RAGE expression 
(Fig. 4C and D).

HMGB1 knockdown and cordycepin inhibit proliferation 
of K562 cells by downregulating COX‑2 levels. COX-2 is a 
key enzyme in arachidonic acid metabolism, which serves 
an essential role in cell proliferation and apoptosis (24). As 
presented in Fig. 5, the levels of COX-2 expression in normal 
cells were higher in cordycepin-treated cells, HMGB1 knock-
down cells and cordycepin-treated knockdown cells. The result 
may indicate that HMGB1 and cordycepin inhibit proliferation 
of K562 cells by downregulating COX-2 expression.

HMGB1 knockdown and cordycepin promote K562 cell apop‑
tosis by regulating apoptotic factors. In order to elucidate 
the mechanism of K562 cell apoptosis induced by HMGB1, 
the expression levels of the apoptosis-associated proteins, 
Bax and Bcl-2, were detected by western blot analysis. Bax 
was identified to exhibit a positive role on apoptosis, while 
Bcl-2 is an anti-apoptotic protein. Bax was upregulated in 
cordycepin-treated cells, siRNA-HMGB1 plasmid-transfected 
cells and transfected cells seeded with cordycepin, compared 
with mock cells. Conversely, Bcl-2 expression was observed 
to be lower than that in the mock cells. The relative value 

Figure 4. Results of cell adhesion assay with cordycepin treatment. (A) Adherent cells were stained with crystal violet for 20 min and images were captured 
under light microscopy (magnification, x200). (B) Three random fields of adherent cells were counted and summarized. Data are presented as the mean ± stan-
dard deviation, n=3, **P<0.01 vs. mock group. (C) The expression levels of RAGE. (D) The expression level of RAGE was normalized to GAPDH and analyzed 
by grayscale. The HMGB1 knockdown treated with cordycepin has extremely decreased compared with the mock group, **P<0.01. Mock, cells treated with 
the control vector; siRNA-HMGB1, HMGB1 knockdown in K562 cells. RAGE, receptor for advanced glycation end products. siRNA, small interfering RNA; 
HMGB1, high-mobility group box 1 protein.
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of Bax/Bcl-2 is presented in Fig. 6. The Bax/Bcl-2 value of 
knockdown cells seeded with cordycepin was notably higher 
than that in the mock group. These results indicated that 
HMGB1 knockdown and cordycepin treatment promoted 
K562 cell apoptosis by regulating apoptotic factors.

Discussion

Leukemia is a malignant hematopoietic disorder characterized 
by the clonal proliferation of hematopoietic stem cells and 
immature myeloid precursors. Accompanied with complex 
symptoms, difficulty in treatment and a poor prognosis, 
leukemia is a great threat to a patients' health and survival 
chances. Treatment of leukemia predominantly consists of 
chemotherapy, radiotherapy, bone marrow transplantation or 
stem cell transplantation and targeted therapy (25). Molecular 
therapy and treatment using natural products for CML are 
currently areas of research focus. HMGB1, a protein expressed 
abundantly in CML cells, has been reported to serve a 
critical role in CML development and progression (14), while 
cordycepin has been demonstrated to exhibit antileukemia 
properties (26). The current study investigated the effects on 
proliferation, apoptosis, ROS levels and adhesion following 
HMGB1 knockdown, cordycepin treatment and a combina-
tion of the two in order to provide a theoretical basis for early 
clinical diagnosis and intervention.

In the current study, the combination of HMGB1 knock-
down and cordycepin treatment was observed to effectively 

suppress the proliferation of K562 human CML cells. The 
impact of HMGB1 knockdown with cordycepin on the cell 
cycle demonstrated that HMGB1, cordycepin and their combi-
nation arrested the cell cycle at G1 phase. Previous studies have 
indicated that COX-2 expression activates certain signaling 
pathways that control proliferation and apoptosis (27-29). The 
expression of COX-2 in the experimental group was downreg-
ulated compared with the mock group, which suggested that 
HMGB1 knockdown and cordycepin inhibited cell prolifera-
tion via the downregulation of COX-2 expression.

In addition, the present study indicated that knockdown 
of HMGB1 significantly inhibited the adhesion of K562 cells. 
The combination of HMGB1 knockdown and cordycepin 
was observed to exhibit improved action compared with 
either treatment alone. RAGE is a predominant receptor in 
mediating the effects of HMGB1 (30). It has been reported 
that RAGE evolved from a cell adhesion molecule family and 
acts as an adhesion molecule in mammalian cells (31). The 
HMGB1 knockdown and cordycepin-treated groups exhibited 
downregulated expression of RAGE compared with the mock 
group. The interaction of HMGB1 with RAGE can influence 
adhesion in HMGB1 knockdown and cordycepin-treated cells.

Apoptosis, the process of programmed cell death, is the 
common mechanism that chemotherapies, cytotoxic agents or 
radiation therapies target to induce cancer cell death. HMGB1 
knockdown, cordycepin and their combination increase K562 
cellular apoptosis. The combination of HMGB1 knockdown 

Figure 6. Expression levels of apoptosis-associated genes. GAPDH was 
detected as a loading control. (A) Western blot analysis of Bax and Bcl-2 
expression. (B) Quantification of Bax and Bcl‑2 expression levels. The data 
are presented as the mean ± standard deviation, n=3, **P<0.01 vs. mock. 
siRNA, small interfering RNA; HMGB1, high-mobility group B1 protein.

Figure 5. COX-2 expression levels. GAPDH was detected as a loading control. 
(A) Western blot analysis of COX‑2 expression. (B) Quantification of COX‑2 
expression levels. The data are presented as the mean ± standard deviation, 
n=3, **P<0.001 vs. mock. COX-2, cyclooxygenase 2; siRNA, small interfering 
RNA; HMGB1, high-mobility group B1 protein.
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and cordycepin induced apoptosis according to the flow 
cytometric analysis, with a greater significance than either 
treatment alone. Bax and Bcl-2 are proteins that serve impor-
tant roles in cell apoptosis (32,33). Evaluation of the expression 
levels of apoptotic proteins Bax and Bcl‑2 further confirmed 
the conclusion that the combination of HMGB1 knockdown 
and cordycepin synergistically induced cellar apoptosis. The 
levels of ROS were additionally observed to increase in the 
treatment groups. ROS are free radicals, for example O2-, OH, 
H2O2 and 1O2, which have numerous effects on signal transduc-
tion. ROS production and consequential oxidative stress have 
been previously implicated in cellular apoptosis (34). In the 
current study, the ROS levels were observed to be significantly 
increased in the HMGB1 knockdown and cordycepin groups, 
which may be the cause of the increased apoptosis. The above 
results indicated that HMGB1 knockdown promoted the apop-
tosis of K562 cells by regulating apoptotic factors and the ROS 
levels, and that combination therapy with cordycepin resulted 
in increased apoptosis.

In conclusion, the current study identified that HMGB1 
knockdown in combination with cordycepin resulted in 
increase apoptosis, decreased proliferation, and reduced adhe-
sion of human CML K562 cells, as well as increased ROS, 
and the corresponding mechanisms were investigated. These 
observations may provide insight towards fully elucidating the 
molecular mechanism of CML progression and pathogenesis, 
thus benefiting the development of therapeutic strategies for 
the disease.
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