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a b s t r a c t

Adenosine, a metabolite of ATP, ubiquitously exists in a wide range of organs and tissues. We previously
reported that adenosine was implicated in apoptosis in many cancer cells by extrinsic and/or intrinsic
pathways. Here, we found that adenosine suppresses the cell growth by induction of apoptosis of human
colonic cancer cells through a novel mechanism. Adenosine suppresses the cell growth of human SW620
and SW480 colon cells in an adenosine transporter and adenosine kinase dependent manner. Moreover,
the cell growth suppression is induced by apoptosis through activation of caspase-3 and PARP, and
accumulation of ROS in cells. Importantly, we found that adenosine increases the expression of TNFR1
and RIPK1 and the phosphorylation of p38. Knockdown of TNFR1 or RIPK1 impairs the activation of p38,
blocks the cleavage of PARP, and provides partially, yet significantly protection from cell death, including
reducing the ROS generation in the colon cancer cells. These results indicate that a TNFR1/RIPK1/P38 axis
is present in adenosine-induced apoptosis of colonic cancer cells. This axis triggers apoptosis and plays
crucial roles in relay of the death signaling. Our study also provides additional experimental evidence for
adenosine as a potent therapeutic drug in cancer therapy.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

The purine nucleoside adenosine, a metabolite of ATP, is omni-
present. Adenosine is generated by breakdown of ATP. It can be
further metabolized into inosine and hypoxanthine inside cells [1].
Emerging evidence has indicated the effect of adenosine on the cell
death and differentiation [2,3]. Extracellular adenosine induces
apoptosis in a variety of cancer cells through two distinct pathways.
One is the extrinsic pathway which is associated with four aden-
osine receptor subtypes, termed A1, A2a, A2b and A3 receptors
[4,5]. These G-protein-coupled adenosine receptors display
different affinities for adenosine, recruit diverse types of G proteins,
and finally trigger distinct downstream signaling pathways in
target cells. The other is the intrinsic pathway, which is relevant to
adenosine uptake into cells [6]. Adenosine is taken into the cells
through adenosine transporters and subsequently becomes
jieliu@fudan.edu.cn (J. Liu).
converted to AMP, where AMP-activated protein kinase (AMPK)
may play a role as a downstream target of AMP [7]. It is reported
that adenosine induces apoptosis by the intrinsic pathways in
HUH-7 hepatoma cells [7], neuroblastoma [8] and gastric cancer
[9]. Adenosine transporter inhibitor (dipyridamole) and adenosine
kinase inhibitor (ABT-702) could block adenosine induced
apoptosis in those cancer cells [10e12]. So far adenosine is reported
to induce apoptosis in many cancer cells. However, it is unknown if
and how adenosine induces apoptosis in human colonic cancer
cells.

There are over 1 million new cases of colorectal cancer (CRC)
and about 500 000 CRC-related deaths annually, which makes CRC
the second leading cause of cancer mortality worldwide [13].
Considering the current inefficient treatment of surgical resection,
finding an efficient therapeutic strategy for colorectal cancer is
crucial. Herein, we report that adenosine suppresses cell growth by
induction of apoptosis in SW620 and SW480 colon cancer cell lines
and identify a novel mechanism underlying the adenosine-
triggered apoptosis in those cells. Our results also provide
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experimental evidence for the possibility of adenosine in colon
cancer therapy.

2. Materials and methods

2.1. Cell line and cell culture

Human colonic cancer cell lines SW620 and SW480 were gifts
from the Institute of Biochemistry and Cell Biology, Shanghai In-
stitutes for Biological Sciences, Chinese Academy of Sciences
(Shanghai, People's Republic of China). These cells weremaintained
in Dulbecco's modified Eagle's medium (DMEM), supplemented
with 10% fetal bovine serum and cultured at 37 �C in a humidified
atmosphere with 95% air and 5% CO2.

2.2. Cell viability assay and live cell tracking in real time

The effects of adenosine on cellular viability and cell growth
were determined using CCK8 assay and monitored by IncuCyte™
ZOOM (ESSEN, USA). Briefly, cells were seeded into 96-well plates
with 2500 cells and 1600 cells per well, or seeded into 24-well
plates with 40 000 cells and 30 000 cells per well for SW620 and
SW480, respectively, in triplicate. After overnight incubation, cells
were treated with varying concentrations of adenosine (0e3 mM)
for indicated hours. The absorbance was then recorded at 450 nm
using a micro-plate reader (Tecan Infinite 200 PRO, Switzerland),
and the cell growth was monitored in real time by IncuCyte™
ZOOM.

2.3. Cell cycle analysis

Cells were harvested and fixed in 70% ethanol at �20 �C over-
night, then stained with propidium iodide (36 mg/ml, Sigma) for
30 min and analyzed by flow cytometry (CyAn ADP, Beckman
Coulter, Brea, CA, USA) for cell cycle distribution.

2.4. Apoptosis assay

Adenosine-induced apoptosis was determined by flow cytom-
etry using the Annexin V-FITC Apoptosis Detection Kit following
the manufacturer's instructions. Briefly, cells were treated with
varying concentrations of adenosine (0e3 mM) for indicated hours.
The cells were then harvested, washed in PBS and incubated with
Annexin V and propidium iodide (Dojindo) for staining in binding
buffer at room temperature for 15 min. The stained cells were
analyzed using flow cytometry (CyAn™ ADP, Beckman Coulter,
Brea, CA, USA).

2.5. Measurement of intracellular reactive oxygen species (ROS)

The intracellular reactive oxygen species (ROS) was detected
using 20, 70-dichloro-fluorescein diacetate (DCFH-DA) as a probe,
ROS was detected with Reactive Oxygen Species Assay Kit (Beyo-
time) according to the manufacturer's instructions. Briefly, after
treated with varying concentrations of adenosine (0e3 mM) for
72 h, cells were washed twice and loaded with 10 mM DCFH-DA for
20 min at 37 �C. The formation of the fluorescent-oxidized deriv-
ative of DCF-DA was monitored using CyAn™ ADP at emission
wavelength of 530 nm and excitation wavelength of 485 nm.

2.6. Western blotting

Cell lysates were extracted with cell lysis buffer (Beyotime,
China) and the protein concentration in the lysates was quantified
using an Enhanced BCA Protein Assay Kit (Beyotime, China). Protein
samples with 30e50 mg were loaded for immunoblotting (IB), using
appropriate primary antibodies against cleaved PARP, cleaved
Caspase-3, RIPK1, TNFR1, p-p38 (Cell Signaling Inc, Danvers, MA,
USA), and Actin (Kangwei, China) and horseradish peroxidase-
conjugated suitable secondary antibodies, followed by detection
with enhanced chemiluminescence (ImageQuant LAS 4000,GE
Healthcare, USA).

2.7. siRNA silencing

Colon cancer cells were transfected with siRNA using Lipofect-
amine® RNAiMAX reagent (Invitrogen, USA) according to the
manufacturer's instructions. Briefly, siRNA and Lipofectamine®

RNAiMAX were each incubated separately with Opti-MEM for
5min, mixed together for 15min at room temperature and then the
mixture was applied to the cells plated in 4 ml of medium (final
concentration of siRNA is 60 nM). The siRNAs specific for human
TNFR1 and RIPK1 were purchased from Bioneer (Shanghai, China).
The knockdown levels were tested by western blot analysis.

2.8. Statistical analysis

Normally distributed data are shown as mean ± SEM and were
subject to Student's t-test to study the relationship between the
different variables. For all the tests, P < 0.05 was considered sta-
tistically significant and three levels of significance (*P < 0.05,
**P < 0.01 and ***P < 0.001) were used.

3. Results

3.1. Extracellular adenosine inhibited the growth of colon cancer
cells

To investigate the effect of extracellular adenosine on SW620
and SW480 cell lines, cells were treated with various concentra-
tions of adenosine at indicated hours and the cell viability was
determined using the CCK8 assay and their growth curve was
monitored in real-time by the IncuCyte™ live-cell imaging system.
Treatment with adenosine for 72 h significantly suppressed the
growth of SW620 and SW480 cells as compared to that of the
untreated control group (Fig. 1A and B). With the CCK8 assay, it was
shown that extracellular adenosine reduced SW620 and SW480
cell viability in a dose (0.3e3 mM) and time (24e72 h) dependent
manner (Fig. 1C and D). Treatment with 3 mM or 1 mM adenosine
for 72 h reduced cell viability to nearly 40% of control group, in both
SW620 and SW480 cells. Adenosine treatment with medium-to
-high dose (1e3 mM) could lead both SW620 and SW480 cells to
the characteristic apoptotic morphological change, including cell
shrinkage in shape and in size; but control cells did not show the
similar morphological change (Fig. 1E and F). In addition,
adenosine-induced decrease of cell viability was significantly
blocked by dipyridamole, an adenosine transporter inhibitor
(Supplementary Fig. 1A and B), and ABT-702, an inhibitor of
adenosine kinase (Supplementary Fig. 1C and D) in a dose-
dependent manner. These data indicated that adenosine was
transported into the cells and converted to AMP by adenosine ki-
nase, and subsequently induces cell death.

3.2. Extracellular adenosine prompted G2/M arrest

To understand the mechanism underlying the adenosine-
induced growth arrest in colonic cancer cells, the cell cycle profile
in adenosine-treated SW620 and SW480 cells was initially
explored. As shown in Supplementary Fig. 2A and B, a dose
dependent G2/M phase arrest was observed in the cells upon



Fig. 1. Effect of adenosine on growth arrest of colonic SW620 and SW480 cancer cells. AeB: SW620 (A) and SW480 (B) were treated with adenosine (0e10 mM) and monitored in
real time by the live-cell imaging system IncuCyte™. Representative growth curves of cells treated with adenosine at the indicated concentration were shown. Each curve was
performed at least four times, and each time point was determined in triplicate. CeD: SW620 (C) and SW480 (D) cells treated with adenosine at the indicated concentrations for
24e72 h were quantified for cell viability by CCK8 assay. Each column represents the mean ± SEM values from four replicate wells of three separate experiments. (***P < 0.001).
EeF: Cellular morphological observation of SW620 (E) and SW480 (F) treated with adenosine at the indicated concentrations for 72 h.
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adenosine treatment. Adenosine-induced G2/M phase arrest
occurred at 24 h and reached the peak at 72 h. The statistical
analysis showed that the percentage of G2/M phase arrest was
significantly higher in the two cell lines treated with adenosine (1
and 3mM) for 72 h than in control cells (Supplementary Fig. 2C and
D).

3.3. Extracellular adenosine induced apoptosis

Next, the apoptotic effect of adenosine on SW620 and SW480
was explored with flow cytometry using Annexin V-FITC/PI stain-
ing, a classic apoptosis assay. The result showed that the proportion
of PI (þ) and Annexin V (þ) cells, corresponding to apoptosis, was
increased proportionally to the adenosine dose (Fig. 2A and B). The
percentage of apoptotic cells significantly increased from 4.0 ± 0.1%
in untreated SW620 cells to 18.4 ± 0.8% in the cells treated with
3 mM adenosine (P < 0.001) (Fig. 2C). More obviously in SW480
cells, the percentage of apoptotic cells boosted from 6.2 ± 0.6% in
non-treatment to 71.2 ± 0.3% in treatment group with 3 mM
adenosine for 72 h (P < 0.001) (Fig. 2D). These data suggested that
adenosine induced the apoptosis in SW620 and SW480 cells.
Moreover, the level of cleaved caspase-3 (c-caspase-3) and the
expression of the caspase-3 downstream target (cleaved poly ADP
ribose polymerase, c-PARP) were explored in SW620 and SW480



Fig. 2. Extracellular adenosine induced apoptosis in SW620 and SW480 cells. AeB: SW620 (A) and SW480 (B) cells were treated with adenosine (0e3 mM) for 72 h and harvested
for apoptosis assay by flow cytometry using PI and Annexin V-FITC double staining. CeD: Each graph represents the percentage of PI positive and Annexin V positive cells in
adenosine-treated SW620 (C) and SW480 (D) cells. The results are means ± SEM of three independent experiments. (***P < 0.001). EeF: SW620 (E) and SW480 (F) cells were treated
with adenosine as indicated and were subjected to western blot using the indicated antibodies.
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cells upon adenosine treatment. A time and dose-dependent in-
crease of c-caspase-3 and c-PARP were clearly observed in SW620
treated with 3 mM adenosine and in SW480 cells treated with
1 mM adenosine for 72 h (Fig. 2E and F). These data further
confirmed that adenosine induced the cellular apoptosis. Taken
together, our data indicated that adenosine-induced cell growth
suppression in SW620 and SW480 was due to G2/M phase arrest
and apoptosis.
3.4. Extracellular adenosine elicited p38 activation and ROS
production

To further elucidate the molecular mechanism underlying the
adenosine-induced apoptosis, the activation of death receptor
signaling pathway were examined by Western blot. A sustained
increment of phospho-p38 (p-p38) and protein level of TNFR1 and
RIPK1 were observed in both SW620 and SW480 upon various
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doses of adenosine treatment (Fig. 3A), implicating death receptors
in the adenosine-mediated cell death. To further explore whether
prolonged phosphorylation of MAPK contributed to apoptosis [14],
the effect of SB203580, an efficient p38 inhibitor, on adenosine-
induced decrease of cell viability was explored in cells. The re-
sults showed that SB203580 partially and significantly rescued the
adenosine-induced decrease of cell viability in SW620 co-treated
with 3 mM adenosine and in SW480 cells with 1 mM adenosine
for 72 h in a dose dependent manner. These results indicated that
inhibition of MAPK pathway shielded SW620 and SW480 cells from
adenosine-induced cell death (Fig. 3B).

Our previous studies have reported that ROS level is heightened
in adenosine-triggered apoptosis, which mediates the mitochon-
drial dysfunction in hepatocarcinoma cells [15]. We examined the
effect of adenosine on intracellular ROS levels through flow
cytometry analysis. As shown in Fig. 3C, the ROS level raised with
the increase of adenosine dose in both cell lines. The exposure of
SW620 cells to 3 mM adenosine for 72 h led to a 20-fold accumu-
lation of intracellular ROS, compared to that of control group
(Fig. 3D). A similar increased ROS generation occurred in SW480
cells (Fig. 3E).

3.5. Silence of TNFR1/RIPK1 lessened apoptosis

It is well known that ligation of TNFR1 recruits the adaptor
molecule TRADD, which in turn binds FADD and caspase-8, and the
dimerization of the complex triggers its proteolytic activity, pro-
moting apoptosis [16]. In addition, recent studies reveal that RIPK1,
independent of its kinase activity, has a scaffold function that
contributes to activation of MAPK following ligation of TNFR1
[16,17].

In order to further explore the role of TNFR1 and RIPK1 in
adenosine-induced apoptosis, a RNA interference approach was
used to silence the TNFR1 or RIPK1. We found that knockdown of
TNFR1 remarkably reduced cleavage of PARP and phosphorylation
Fig. 3. p38 was required and ROS was the byproduct implicated in the adenosine-triggered c
and cell lysates were prepared and analyzed by western blot using the indicated antibodies.
indicated were quantified for cell viability by CCK8 assay. Each column represents the mean
were treated with different concentrations of adenosine for 72 h. Intracellular ROS levels we
the bar figure for SW620 (D) and SW480 (E) cells. The results are presented as mean value
of p38 in SW620 and SW480 (Fig. 4A). A similar effect was also
observed in both cells by abrogation of RIPK1 (Fig. 4B). CCK8 assay
revealed that silencing either TNFR1 or RIPK1 notably blocked the
adenosine-induced decrease of cell viability in the two cell lines.
Abrogation of TNFR1 or RIPK1 increased cell viability from
32.8 ± 0.3% to 45.3 ± 1.4% or to 54.1 ± 0.8% in SW620 with 3 mM
adenosine treatment (Fig. 4C), and from 43.0 ± 0.7% to 54.4 ± 1.2%
or to 63.1 ± 2.4% in SW480 with 1 mM adenosine treatment
(Fig. 4D). Similarly, silencing either TNFR1 or RIPK1 significantly
blocked adenosine-induced apoptosis and ROS generation. TNFR1
or RIPK1 knockdown declined adenosine-induced apoptotic pro-
portion to nearly half of that with indicated concentration of
adenosine treatment alone in both SW620 (Fig. 4E) and SW480
(Fig. 4F) cells. In addition, blockade of TNFR1 or RIPK1 attenuated
the adenosine-induced ROS generation from 33.2 ± 0.8% to
17.3 ± 1.3% and to 15.4 ± 2.1%, respectively, in SW620 (Fig. 4G) and
from 20.3 ± 0.7% to 10 ± 1.3% and to 8.1 ± 0.3% in SW480 (Fig. 4H).
These data indicated that p38 inhibitor and silencing of TNFR1 or
RIPK1 partially, yet significantly protected SW620 and SW480 cells
from adenosine-induced cell death. Taken together, these results
clearly demonstrated that adenosine-induced cell apoptosis was
mediated through TNFR1/RIPK1/p38 axis in cells.

4. Discussion

In this study, we observed that adenosine significantly induces
cell growth suppression and G2/M phase arrest in colon cancer
cells. Inhibition of adenosine transporter and the adenosine kinase
rescued the adenosine-induced cell growth arrest, suggesting that
adenosine induces cell death through intrinsic pathways, i.e. its
uptake into cells and conversion to AMP are required to exert this
effect.We further clearly demonstrated that adenosine significantly
increased apoptosis, induced activation of caspase-3 and PARP, and
increased ROS generation, the byproduct of cell death, in colon
cancer cells. Importantly, we observed adenosine induced the
ell death. (A) SW620 and SW480 cells were treated with adenosine (0e3 mM) for 72 h
(B) SW620 and SW480 cells co-treated with adenosine and p38 inhibitor, SB203580, as
± SEM of three independent experiments. (***P < 0.001). (C) SW620 and SW480 cells
re determined using DCFH-DA. DeE: The quantitated data of ROS levels were shown in
± SEM from three independent experiments. (***P < 0.001).



Fig. 4. Blockage of death receptor signaling pathway attenuated apoptosis. The siTNFR1or siRIPK1 transfected cells were treated with adenosine before western blot analysis (A) and
(B). The cell viability was quantitated in SW620 (C) and SW480 (D) by CCK8 assay. The percentage of apoptotic cells in SW620 (E) and SW480 (F) cells. The intracellular ROS levels in
SW620 (G) and SW480 (H). The results are displayed as mean ± SEM value from three independent experiments. (***P < 0.001).
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sustained phosphorylation of p38 and p38 inhibitor attenuated the
adenosine-induced cell death. We also found that adenosine
increased the expression of TNFR1 and RIPK1, the components of
death receptor signaling, and that knockdown of either TNFR1 or
RIPK1 resulted in a significant decrease in the phosphorylation of
p38 and the cleavage of PARP and additionally partially rescued
adenosine-induced cell death. These data suggest that adenosine
induces apoptosis through TNFR1/RIPK1/P38 axis in colon cancer,
which is a novel mechanism for the adenosine-triggered cell death.
Collectively, we proposed a novel model of the adenosine-induced
apoptosis in colon cancer cells (Supplementary Fig. 3).

Adenosine induced apoptosis in colon cells by entering into cell,
which reinforces our previous report in hematoma cells [7]. How-
ever, in colonic cancer cells, adenosine activated capspase-3 by
increasing the TNFR1 and RIPK1 expression and activation of p38.
This is different from the effect of adenosine in hepatoma cells,
which mainly down-regulates the FLIP expression and activates
caspase-8 cleavage. Adenosine is reported to induce apoptosis by
intrinsic pathways by regulating the transcription of apoptosis-
mediator genes in cancer cells [19]. Therefore, we considered that
adenosine increased the expression of TNFR1 and RIPK1 by
enhancing their transcription in cells although the detailed mech-
anisms need to be further clarified.

Death receptor TNFR1 is a trimeric cytokine receptor, which
triggers the recruitment of other adaptors including TRADD and
RIPK1 to determine the outcome of the response [16]. Receptor
interacting protein kinase-1 (RIPK1) represents an important
signaling node [18], which responds to a variety of input signals,
involving ligands for Toll-like receptors (TLRs), those elicited by TNF
family cytokines, viral infection and interferons. Although new
properties of RIPK1 signaling are increasingly emerging, the
signaling network mastered by RIPK1 mainly controls the activa-
tion of MAPK and NF-kB, and both of them are responsible for the
cell death or survival. In this study, knockdown of either TNFR1 or
RIPK1 partially rescued the cell viability loss which was confirmed
by the Annexin V-FITC/PI staining assay, and decreased the aggre-
gation of the byproduct ROS. Apart from the delicate cleavage of
PARP, the blockade of death receptors resulted in a significant
decrease in the phosphorylation of p38. These data indicated that
adenosine induced the increase of TNFR1 and RIPK1, which further
resulted in the activation of p38. This TNFR1/RIPK1/p38 axis is
responsible for triggering apoptosis in the colonic cancer cells.

Activation of MAPK pathways is documented to be implicated in
ROS generation, caspases activation and PARP cleavage in colon
cancer. It is reported that non-aromatic B-ring flavonoid (DHEC)
induces apoptosis of human colon HT-29 tumor cell through gen-
eration of ROS as well as activation ofMAPK signaling pathway [20].
Another drug (Ilimaquinone) induces the death receptor expression
and sensitizes the colon cancer cells to apoptosis by activation of
ROS-ERK/p38 MAPK-CHOP signaling pathways [21]. It is also re-
ported that drug (Gingerol) induces apoptosis through activation of
caspase-8, -9, -3 & -7 and cleavage of PARP, which is accompanied
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by phosphorylation of the mitogen-activated protein kinase
(MAPKs) family, c-Jun N-terminal kinase (JNK), p38 MAPK (p38),
and extracellular signal-regulated kinase (ERK) [22].

Our data demonstrate that p38 inhibitor could block adenosine-
induced cell death in colonic cells, which supports previous studies
and indicates the role of p38 activation in the signal cascade from
the death receptor of adenosine-induced apoptosis in cells.

In summary, adenosine suppresses the growth of human colonic
cancer cells by induction of apoptosis. Adenosine which is trans-
ported into the cells and converted to AMP triggers apoptosis by
activation of caspase-3 and PRAP, and also results in the accumu-
lation of ROS. Furthermore, activation of TNFR1/RIPK1/p38 axis
triggers adenosine-caused apoptosis and plays crucial roles in
relaying the death signaling in colon cancer cells.
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