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Adenine causes cell cycle arrest and autophagy
of chronic myelogenous leukemia K562 cells via
AMP-activated protein kinase signaling
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Abstract. AMP-activated protein kinase (AMPK) is known
as a pivotal regulator of cellular metabolism. Mounting
evidences have demonstrated that AMPK activation exerts
tumor suppressive activity on leukemia cells. The present study
reported that adenine, an AMPK activator, triggers cell cycle
arrest and autophagy of human chronic myelogenous leukemia
K562 cells consequently suppressing cell viability. The
present findings revealed that adenine treatment (4.0-8.0 mM)
significantly inhibited the viability of K562 cells to 69.3+2.5%
(24 h) and 53.4+2.1% (48 h) of the control. Flow cytometric
analysis revealed that there was a significant accumulation
in G,/M phase, but not sub-G, phase K562 cells following
exposure to adenine. Additional investigation demonstrated
that adenine treatments significantly increased the number of
acidic vesicular organelles and the level of autophagosomal
microtubule associated protein 1 light chain 3 a (LC3) marker.
By contrast, cleavage of caspase-9, caspase-3 and poly-ADP-
ribose polymerase was insignificantly affected in K562 cells
following adenine treatment. In K562 cells, adenine was
able to markedly promote the phosphorylation of AMPKa
and suppress the phosphorylation of mammalian target of
rapamycin (mTOR), a downstream target of AMPK. In addi-
tion, inhibiting AMPK phosphorylation using dorsomorphin
restored mTOR phosphorylation, inhibited the accumulation of
LC3 and significantly recovered the suppressed cell viability
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in response to adenine. Taken together, the present results
demonstrated that adenine induced G,/M phase arrest and
autophagic cell death, consequently suppressing the viability
of K562 cells, which may attribute to the AMPK activation
triggered by adenine. These findings provide evidence that
adenine may be beneficial to chronic myelogenous leukemia
therapy by suppressing excessive cell proliferation.

Introduction

Chronic myelogenous leukemia (CML) is a chronic myelo-
proliferative disorder, which causes uncontrolled growth of
immature myeloid cells (1). The BCR RhoGEF and GTPase
activating protein (BCR)-ABL proto-oncogene 1 non-
receptor tyrosine kinase (ABL) gene rearrangement is the
main characteristic of CML, which expresses the oncogenic
fusion protein BCR-ABL (2). BCR-ABL is a constitutively
active tyrosine kinase, which activates multiple signaling
pathways and consequently promotes malignant transforma-
tion, including uncontrolled cell proliferation (3), abnormal
cell adhesion (4), and resistance to typical apoptotic inducer
anti-leukemic drugs (5,6). Thus, formation of the BCR-ABL
fusion gene serves an essential role in the pathogenesis
of CML (7). Previously, imatinib, a specific ABL kinase
inhibitor, was established as the standard treatment for
CML (8).

In addition to targeting BCR-ABL kinase, previous studies
have revealed that several pathways are important for CML
cell survival, which may be potential targets for developing
novel anti-leukemia drugs (9,10). Among these pathways,
AMP-activated protein kinase (AMPK) signaling has been
reported to possess anti-leukemia activity (11). AMPK serves
an important role in energy metabolism in response to changes
in cellular fuel levels (12). Furthermore, mounting evidences
have suggested that AMPK could be a target for tumor
prevention and treatment (7). Previous studies have revealed
that AMPK activators exhibit anti-leukemia effects in CML
cells by triggering apoptosis and autophagy (3.4). Thus, the
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identification and characterization of AMPK activators is
important, and beneficial for the development of potential
anti-leukemia drugs.

The present study aimed to investigate whether adenine,
a purine compound that induces AMPK activation, exhibits
anti-leukemia effects on human CML cells. Furthermore, the
underlying mechanism, with emphasis on AMPK signaling
was evaluated. The results revealed that adenine suppressed
cell viability of K562 cells and induced accumulation of
GO/G1 phase cells. In parallel, it was observed that adenine
triggered K562 cells autophagy. Finally, it was demonstrated
that suppressed cell viability, accumulation of G,/G, phase
cells and induction of autophagy were associated with AMPK
activation in response to adenine.

Materials and methods

Reagents. All chemicals were obtained from Sigma-Aldrich
(Merck KGaA, Darmstadt, Germany) unless otherwise speci-
fied. RPMI-1640 medium and fetal bovine serum (FBS) were
purchased from Invitrogen (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). Antibodies against [3-actin, caspase-3,
caspase-8, phosphorylated (p)-AMPK (T172; cat. no. 2535),
AMPK (cat. no. 2532), poly-ADP-ribose polymerase (PARP)
(cat. no. 9532), cell division cycle (Cdc)25 (cat. no. 3652),
cyclin-dependent kinase (CDK)2 (cat. no. 2546), CDK4 (cat.
no. 12790), CDKG6 (cat. no. 13331), cyclin B (cat. no. 4135),
cyclin E (cat. no. 20808), Weel-like protein kinase (Weel) (cat.
no. 13084), autophagy protein (Atg)5 (cat. no. 12994), beclin-1
(cat. no. 3495) and microtubule associated protein 1 light chain
3 a (LC3) (cat. no. 3868) were purchased from Cell Signaling
Technologies, Inc. (Danvers, MA, USA). Anti-human
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (cat.
no. ab9485), horseradish peroxidase-conjugated anti-mouse
IgG (cat. no. ab6789) and anti-rabbit IgG (cat. no. ab6721)
antibodies were purchased from Abcam (Cambridge, UK).

Cell culture and experimental treatments. The human CML
K562 cell line (CCL-243™) was obtained from the American
Type Culture Collection (Manassas, VA, USA) and maintained
in RPMI-1640 medium supplemented with 10% FBS at 37°C
in a humidified atmosphere with 5% CO,. Cells at the density
of 5x10° cells/ml were collected and were passaged twice
prior to being subcultured T-75 flasks (Corning Incorporated,
Corning, NY, USA) for subsequent treatments.

For treatments, cells were seeded in 6-well plates at an
initial density of 1x10° cells/ml and grown to ~80% conflu-
ence at 37°C. Treatments were performed by incubating cells
with various concentrations of adenine (0.5, 1.0, 2.0, 4.0 or
8.0 mM) in serum-free RPMI-1640 for 16 h. AMPK inhibition
was performed by pretreating cells with 5 #M dorsomorphin
(cat. no. P5499; Sigma-Aldrich; Merck KGaA) for 2 h, and
then incubating the pretreated cells with 4.0 mM adenine for
24 h or 48 h. Following treatment, the cells were washed with
PBS (25 mM sodium phosphate, 150 mM NaCl, pH 7.2) and
collected for subsequent analyses.

Cell viability assay. Cell viability was assessed using an MTT
assay protocol as previously described (13) in the absence or
presence of adenine. After 24 or 48 h treatments, cells were
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Figure 1. Adenine suppresses the viability of K562 cells. Cells were treated
with various concentrations of adenine (0.5, 1.0, 2.0, 4.0 or 8.0 mM) for
24 or 48 h, and then subjected to a cell viability assay. Data are expressed as the
mean =+ standard error of the mean following three independent experiments.
“P<0.05 and “"P<0.01 as compared with the untreated control. C, control.

harvested, and then incubated with MTT (0.5 mg/ml) at 37°C
for 4 h. The cell viability was directly proportional to the
production of formazan, which was dissolved in isopropanol
and determined by measuring the absorbance at 570 nm using
a microplate reader (SpectraMAX 360 pc; Molecular Devices,
LCC, Sunnyvale, CA, USA).

Cell cycle distribution analysis. Cells were starved for 16 h
in serum-free medium, and then cultured in fresh serum-
containing medium at 37°C for 24 h to allow cell-cycle
progression. Following different treatments, cells were fixed
and analyzed by flow cytometry to determine cell cycle distri-
bution. At the end of each treatment, cells were collected, fixed
with 1 ml of ice-cold 70% ethanol on ice for 30 min, incubated
at-20°C for 24 h and centrifuged at 380 x g at 4°C for 5 min. Cell
pellets were reacted with 1 ml cold staining solution containing
20 pg/ml propidium iodide, 20 xg/ml RNase A and 1% Triton
X-100,incubated at4°C for 15 minin the dark,and then analyzed
using a FACS Calibur system with CellQuest™ software
(version 2.0) (both BD Biosciences, Franklin Lakes, NJ, USA).
Representative results were acquired from three independent
experiments.

Western blot analysis. Cells were washed with PBS and then
incubated with lysis buffer (50 mM Tris-HCI, pH 7.5, 1%
Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride and 1 mM
NaF) containing complete protease inhibitor cocktail (Roche
Applied Science, Mannheim, Germany) for 1 h at 4°C. The
resulting supernatants were collected for protein Bquantita-
tion using a bicinchoninic acid kit (Pierce; Thermo Fisher
Scientific, Inc.). Crude proteins (20 pg) were subjected to
12.5% SDS-PAGE, transferred to a nitrocellulose membrane
(EMD Millipore, Billerica, MA, USA) and then incubated
with 5% w/v skimmed milk/PBS at room temperature for 1 h
to block nonspecific binding. The blocked membrane was then
incubated with primary antibodies (1:1,000 dilution) at 25°C
for 2 h, followed by incubation with peroxidase-conjugated
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Figure 2. Effects of adenine on the cell cycle distribution of K562 cells. Cells were treated with 1.0, 2.0 or 4.0 mM adenine for 24 h, and then subjected to flow
cytometric analysis for determining cell cycle phases. The ratio of each phase is presented as a percentage. Data are expressed as the mean + standard error of
the mean following three independent experiments. ‘P<0.05 and “P<0.01 as compared with the untreated control.

anti-IgG secondary antibodies (1:2,000 dilution) at 25°C
for 1 h. Detailed information for antibodies were described
in the reagents. The blocked membrane without incubation
with primary antibodies was also incubated with secondary
antibodies for specificity test, and a nonsignificant signal was
detected as the control. Signal development was performed
using an enhanced chemiluminescence reagent (EMD
Millipore). Luminescent signals were acquired and quanti-
fied using an image analysis system (LAS-4000 with Image
Reader LAS-4000 version 2.1, Fuji, Tokyo, Japan). GAPDH
was used as an internal control.

Quantification of acidic vesicular organelles (AVOs) using
acridine orange staining and flow cytometric analysis. Cells
(1x10*) were incubated with acridine orange at 25°C for 17 min,
harvested with trypsin-EDTA, and then collected in phenol
red-free growth medium (Thermo Fisher Scientific, Inc.).
Green (510-530 nm) and red (650 nm) fluorescence emission

from cells illuminated with blue (488 nm) excitation light
was analyzed using FACS Calibur system using CellQuest
software as mentioned above. With acridine orange staining,
bright green and faint red fluorescence was observed in the
cytoplasm and nucleolus, respectively, and bright red fluores-
cence was observed in acidic compartments (2,14). Since the
intensity of the red fluorescence is proportional to the degree
of acidity, the volume of the cellular acidic compartment could
be quantified (15).

Statistical analysis. Data are expressed as the mean + standard
error of the mean following three independent experiments.
Statistical analysis was performed by using SigmaStat (version
4.0, Systat Software, Inc, San Jose, CA, USA). Statistical
significance analysis was determined using one-way analysis
of variance followed by Dunnett's test for multiple compari-
sons with the control. P<0.05 was considered to indicate a
statistically significant difference.
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Figure 3. Adenine inhibits cell cycle regulators but not caspase effectors. Cells were treated with 1.0, 2.0 and 4.0 mM adenine for 24 h, and then lysed for
determination of protein expression levels using western blot analysis. GAPDH was used as an internal control. The apparent molecular weights of the detected
proteins are indicated. PARP, poly-ADP-ribose polymerase; CDK, cyclin-dependent kinase; Cdc25A, cell division cycle 25A; Weel, Weel-like protein kinase;
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Figure 4. Adenine induces autophagy in K562 cells. Cells were treated with 1.0,2.0 or 4.0 mM adenine for 24 h, and then subjected to (A) western blot analysis
for determination of protein levels, or (B) acridine orange staining for detection of AVOs. GAPDH was used as internal control. The apparent molecular
weights of the detected proteins are indicated. Quantitative data are expressed as the mean =+ standard error of the mean following three independent experi-
ments. 'P<0.05 and “P<0.01 as compared with the untreated control. AVO, acidic vesicular organelle; Atg5, autophagy protein 5; LC3, microtubule associated

protein 1 light chain 3 a; C, control.

Results

Adenine suppresses the viability of human CML K562 cells. To
investigate the effect of adenine on human CML K562 cells,
cell viability was determined using MTT assay. As presented
in Fig. 1, for 24 h treatments, the viability of K562 cells was
significantly reduced to 81.5+2.1, 75.4+2.2 and 69.3+2.5% of
the control in response to 2,4 and 8 mM adenine, respectively
(all P<0.05). For 48 h treatments, the cell viability was further
reduced to 61.3+2.3 and 53.4+3.1% of the control in response
to 4 and 8 mM adenine, respectively (both P<0.01). These find-
ings revealed that adenine at concentrations of 2,4 and 8§ mM
significantly inhibited the viability of K562 cells.

Adenine induces G,/M cell cycle arrest and alters cell cycle
regulators in human CML K562 cells. To explore the inhibited
cell viability in response to adenine, the cell cycle distribu-
tion of K562 cells treated with adenine was determined
using flow cytometric analysis. As presented in Fig. 2, the

sub-G, phase ratio was increased by 4.1+0.7% in K562 cells
treated with 4 mM adenine compared with the control group
(P<0.05). In addition, the G,/M phase ratio was significantly
increased in K562 cells treated with 2 mM (32.1+2.7%)
and 4 mM (43.8+2.1%) adenine compared with that in the
untreated control group (both P<0.01). The G,/G, phase ratio
was significantly decreased in K562 cells treated with 2 mM
(44.6+2.7%) and 4 mM (33.8+2.4%) adenine compared with
that in untreated cells (both P<0.05).

Since cell viability and cell cycle distribution were altered
following adenine treatment, the effects of adenine on caspase
signaling cascades, and cell cycle regulators were then investi-
gated. As presented in Fig. 3A, cleavage of caspase-8, caspase-3
and PARP was insignificantly affected by adenine treatments
(1.0, 2.0 or 4.0 mM). Regarding cell cycle regulators, the
protein expression levels of Cyclin D1, CDK4, CDK6 and
Cdc25A were markedly decreased in response to adenine treat-
ments (Fig. 3B). By contrast, the level of Weel was elevated
upon adenine stimulation. Notably, Cyclin E protein expression
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Figure 5. AMPK activation is involved in autophagy and suppression of viability of K562 cells in response to adenine. Cells were (A) treated with adenine alone
or (B) pretreated with AMPK inhibitor dm (5 M) for 2 h followed by treatment with adenine for 24 h, and then subjected to western blot analysis. GAPDH
was used as internal control. The apparent molecular weights of the detected proteins are indicated. Quantitative data are expressed as the mean + standard
error of the mean following three independent experiments. (C) A cell viability assay was performed to investigate the effects of dm on K564 cells. "P<0.05
and “P<0.01 as compared with the untreated control; “P<0.05 and "P<0.01 as compared with the 4.0 mM adenine treatment group. AMPK, AMP-activated
protein kinase; p, phosphorylated; mTOR, mechanistic target of rapamycin; AtgS, autophagy protein 5; dm, dorsomorphin; C, control.

was insignificantly affected by adenine. Taken together, these
findings suggest that adenine treatment induces G,/M cell
cycle arrest without involvement of the activation of caspase
signaling cascades and consequent apoptosis of K562 cells.

Adenine induces autophagy of human CML K562 cells. To
determine whether adenine suppresses cell viability via
autophagic cell death, induction of autophagy in K562 cells
was then examined. Western blot analysis demonstrated
that adenine markedly upregulated the protein expression of
Beclin-1 and Atg5, and promoted the conversion of LC3-I
to LC3-II in the cells (Fig. 4A). In addition, using acridine
orange staining and flow cytometric quantification, adenine
was identified to significantly increase the number of AVOs in
K562 cells in a dose-dependent manner (Fig. 4B). These find-
ings suggest that adenine treatment promotes the formation of
autophagosomes in K562 cells.

Adenine induces the phosphorylation of AMPKa, contrib-
uting to inhibition of mTOR and autophagic signaling
cascades in K562 cells. Adenine has been reported to exert
antitumoral activity on human renal carcinoma 786-0 cells
via AMPK activation (16). Thus, the roles of AMPK signaling
in autophagic cell death of K562 cells in response to adenine
were investigated. As presented in Fig. 5A, adenine markedly
enhance the phosphorylation of AMPKa at T172, reduced the
phosphorylation of mTOR at S2448 and elevated the protein
expression level of autophagic marker Atg5 compared with
untreated cells. By contrast, pretreatment with the AMPK
inhibitor dorsomorphin (dm) reversed the expression changes
to p-AMPKa, p-mTOR and Atg5 in K562 cells following
exposure to adenine (Fig. 5B). In addition, pretreatment with
dm significantly restored the viability of K562 cells suppressed
by 4.0 mM adenine (Fig. 5C). Collectively, these findings
suggest that the AMPK/mTOR signaling pathway is involved
in adenine-induced autophagy and consequent viability inhibi-
tion of K562 cells.

Discussion

Clinically, the Philadelphia chromosome exists in ~95%
of adults with CML and expresses the BCR-ABL fusion

protein with uncontrolled tyrosine kinase activity, resulting
in abnormal regulation of downstream signaling path-
ways (17). The aberrant activation of signaling pathways,
including the RAS/mitogen activated protein kinase
kinase/extracellular signal-related kinase and phos-
phoinositide 3-kinase/RAC-alpha serine/threonine-protein
kinase pathways, may promote cell proliferation, diminish
cell apoptosis or contribute to growth factor independence
of cancer cells (18,19). Therefore, tyrosine kinase inhibitors
targeting the BCR-ABL fusion protein, including imatinib,
dasatinib and nilotinib, are used for CML treatment, and
have demonstrated improved outcomes in patients with
CML (20). However, high relapse rates, drug resistance and
high mortality rates associated with transplantation remain
challenges for CML treatment (21).

Previous studies have revealed that AMPK activa-
tors can suppress several types of tumors, including
pancreatic, bladder and prostate cancer, through
AMPK-dependent apoptosis (19-21). In addition, AMPK
has been reported as a potential target that regulates
various signaling pathways, subsequently exhibiting anti-
leukemia activity (22). Among the signaling pathways
regulated by AMPK, mTOR is known to perform a central
role in antitumor activity (23). Recently, several compounds,
including metformin and myrtucommulone A, have been
reported to exert antileukemia activity via activation of the
AMPK/mTOR signaling pathway (24,25). Similarly, the present
results revealed that adenine suppressed the viability of K562
cells through activation of the AMPK/mTOR signaling pathway,
resulting in G,/M phase arrest and autophagic cell death.

Autophagy serves an important role in regulating cellular
physiology, removing senescent organelles and degrading
long-lived proteins (26,27). In starved cells, the fatty acids
and amino acids produced by hydrolysis of lipids, and
proteins in autophagolysosomes provide energy to main-
tain cell survival (28). However, elongated autophagy is
proposed to trigger autophagic caspase-independent type
II programmed cell death (29). Thus, the roles of autophagy
in sustaining or killing cancer cells are complicated.
Although cytotoxicity of antitumor drugs is diminished by
autophagy to a certain extent (30), reduced expression of
autophagic genes, including Atg4, Atg5 and Atg7, has been
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reported to promote tumor formation in genetically-engineered
mice (31,32). Collectively, the findings suggest that autophagy
possesses tumor suppressive activity. In the present study, it
was demonstrated that adenine can trigger autophagic cell
death, but not apoptosis, consequently suppressing the viability
of K562 cells. Thus the results of the current study indicate
that adenine may serve as a potential anti-leukemia agent.

In conclusion, the present study demonstrated that

adenine treatment significantly suppresses the viability of
CML K562 cells through activation of the AMPK/mTOR
pathway and synergistic induction of G,/M phase arrest, and
autophagy signaling. Thus, adenine represents a promising
effective antiproliferative agent against human leukemia cells.
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