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Background: There are many reports of the anti-tumour effects of exogenous adenosine in gastrointestinal tu-
mours. Gemcitabine, a first line agent for patients with poor performance status, and adenosine have structural
similarities. For these reasons, it is worth exploring the therapeutic efficacy of adenosine and its underlying
mechanism in pancreatic cancer.
Methods: Tumour volumes and survival periods were measured in a patient-derived xenograft (PDX) model of
pancreatic cancer. The Akt-p21 signalling axis was blocked by p21 silencing or by the Akt inhibitor
GSK690693. The combined effect of GSK690693 and adenosine was calculated by the Chou-Talalay equation
and verified by measuring fluorescent areas in orthotopic models.
Findings: Among the PDXmice, the tumour volume in the adenosine treatment groupwas only 61% of that in the
saline treatment group. Adenosine treatment in combination with the Akt inhibitor, GSK690693, or the silencing
of p21 to interfere with the Akt-p21 axis can switch the senescence-to-apoptosis signal and alleviate drug resis-
tance. A GSK690693-adenosine combination caused 37.4% further reduction of tumour fluorescent areas in
orthotopic models compared with that observed in adenosine monotherapy.
Interpretation: Our data confirmed the therapeutic effect of adenosine on pancreatic cancer, and revealed the po-
tential of Akt inhibitors as sensitization agents in this treatment.
Fund: The work is supported by grants from the National Natural Science Foundation of China to Dongqin Yang
(81572336, 81770579) and Jie Liu (81630016, 81830080), and jointly by the Development Fund for Shanghai
Talents (201660).
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction

Pancreatic cancer, with its higher mortality-to-prevalence rate than
other tumours, was estimated to be responsible for approximately
330,400 new deaths worldwide in 2016, posing a non-negligible threat
to public health [1–3]. Numerous drugs have been developed to treat
pancreatic cancer, among which gemcitabine has been reported to
provide considerable clinical benefit compared to all of the known
anti-tumour drugs [4,5]. According to an early trial, 23.8% of pancreatic
cancer patients had a clinical benefit with gemcitabine treatment, while
it was only 4.8% among patients treated with 5-FU [6].
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However, the tumour response rate to gemcitabine is still only 5.4%,
far from satisfactory. Severe adverse effects, including bone marrow
suppression and fatigue, were also observed in gemcitabine-treated pa-
tients in clinical practice, especially in thosewith cachexia caused by ad-
vanced disease progression [7,8]. Moreover, pancreatic cancer has been
reported to be capable of limiting its drug absorption by activatingmet-
abolic enzymes to break down the drugs, blocking their membrane
transporters, and constructing a special tumour micro-environment
with a dense stroma and hypoperfusion that impairs drug uptake
[9–11]. Therefore, it is necessary to develop novel drugs for treatment
of pancreatic cancer with better therapeutic potential and milder ad-
verse effects.

Adenosine is a connatural nucleoside ubiquitously present in most
living creatures and is composed of β-N9-glicoside-linked adenine and
ribose. Adenosine can be generated from the dephosphorylation of
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Research in context

Evidence before this study

Pancreatic cancer is known for its rapid progression and poor prog-
nosis. The connatural nucleoside adenosine regulates metabolism
homeostasis as well as various signalling pathways in cancer
cells, and shares a similar structure and the same ENT/CNT trans-
porter systemwith gemcitabine,which iswidely used as a chemo-
therapeutic drug for pancreatic cancer patients with poor
performance status. However, the function of adenosine in pan-
creatic cancer is still unknown.

Added value of this study

We suggest that exogenous adenosine has a potential therapeutic
efficacy against pancreatic cancer, and we provide new mecha-
nistic insights into the contradictory role of Akt/p21-axis-medi-
ated senescence in adenosine treatment, which may contributes
to the drug resistance of pancreatic cancer.

Implications of all of the available evidence

Our findings confirm the therapeutic effect of adenosine against
pancreatic cancer and reveal the potential of Akt inhibitors as sen-
sitization agents for this treatment.
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extracellular ATP by CD39 and CD73, by intracellular s-adenosyl-homo-
cysteine hydrolysis, and through de novo purine biosynthesis [12]. Since
adenosine is a hydrophilic polar molecule that is incapable of penetrat-
ing the cell membrane via passive distribution, the equilibrative nucle-
oside transporters (ENT) and concentrative nucleoside transporters
(CNT) maintain a dynamic exchange between the extracellular and in-
tracellular sources of adenosine [13,14]. As a vital component of
purinergic signalling, adenosine along with its metabolites, inosine
and cAMP, can participate directly in the regulation of metabolism ho-
meostasis and DNA replication. They can also affect diverse protein sig-
nalling pathways through the G-protein-coupled-cell-surface
adenosine receptor family (A1, A2a, A2b, and A3) as an extracellular
ligand [15–18].

Previous studies have found exogenous adenosine and its analogues
significantly suppress the growth of tumours in the liver, colon, stomach
and haematological system [19–22]. Via the A3 receptor, exogenous
adenosine is able to trigger the caspase-8-mediated extrinsic apoptotic
pathway by inducing TNFR1/TRAIL2/FADD upregulation in the liver
and in thyroid cancer cells [23]. The activationof A2a, A2b, andA3 recep-
tors can also modulate the profile of Bcl-2 family members for the syn-
ergic activation of the caspase-9-mediated intrinsic apoptotic pathway
[23,24]. In liver cancer cells, extracellular adenosine can induce AMID-
related apoptosis in a caspase and receptor-independent manner [25].

Given the above evidence, we sought to examine the potential ther-
apeutic efficiency of adenosine against pancreatic cancer in vitro and
in vivo to determine the underlying mechanism by which adenosine
functions in pancreatic tumours, and to explore the possiblemechanism
of adenosine-resistance in pancreatic cancer cells.

2. Materials and methods

2.1. Cell culture and reagents

The human pancreatic cancer cell lines SW1990 and BxPC-3 were
obtained from the Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China). The cells were cultured in Dulbecco's mod-
ified Eagle's medium containing 10% foetal bovine serum (Thermo
Fisher Scientific) and 1% penicillin-streptomycin at 37 °C with 5% CO2.
Adenosine (018–10,492) was purchased from Wako (Osaka, Japan)
and 8-CPT (#C0735), DMPX (#D134), alloxan (#A7413), MRS1523
(#M1809), EHNA (#E114), forskolin (#F6886), SQ22536 (#S153),
H89 (#B1427), and dipyridamole (#D9766) were purchased from
Sigma (Shanghai, China); HPBCD (#A600388)was from Sangon Biotech
(Shanghai, China); and GSK690693 (#HY-10249) was from MCE (New
Jersey, USA). For in vivo studies, adenosine and GSK690693 were dis-
solved in 10% 2-hydroxypropyl-β-cyclodextrin (Sangon Biotech, Shang-
hai, China).

2.2. Immunoblotting

The cell lysates were extracted with cell lysis buffer (Beyotime,
China); a total amount of 20–50 μg of each samplewas submitted to im-
munoblotting and detected by antibodies that recognize c-caspase 3
(#9661, RRID: AB_2341188), c-caspase 8 (#9496, RRID: AB_561381),
c-caspase 9 (#9509, RRID: AB_2073476), PARP (#5625, RRID: AB_
10699459), p21 (#2947, RRID: AB_823586), pAkt (#5625, RRID: AB_
2315049), pRb (#9313, RRID: AB_1904119); p16 (#92803, RRID: AB_
2750891) (Cell Signalling Inc., Danvers, MA, USA); and actin
(#CW0096, CWBIO, China).

2.3. RNA interference

The pancreatic cancer cells were distributed in the 60-mm plate
with a concentration of 0.5 × 106/5 ml and 18–24 h later they were
transfected with Lipofectamine RNAimax (#13778500, Invitrogen,
Carlsbad, CA, USA), siRNA oligonucleosides were synthesized by
RIBOBIO (Guangzhou, China) as we previous reported [26]. Separately,
siRNA and Lipofectamine RNAimax were incubated with Opti-MEM
(#31985088, Invitrogen, Carlsbad, CA, USA) for 5 min and then mixed
together for 20 min at room temperature. The mixture was applied to
the cells. The final concentration of siRNA reached 50 nM. The siRNA
for p21 was obtained from CST (#6456, Danvers, MA, USA).

2.4. SA-β-Galactosidase staining

The cells were distributed in the 6-well platewith a concentration of
1 × 105/ml x2 ml and treated with adenosine or transfected with sip21
(final concentration of siRNA is 50 nM) for 72 h. The expression of
senescence-associated β-Galactosidase was determined with the SA-
β-Galactosidase (SA-β-Gal) staining kit (#94433, Sigma, St. Louis, MO,
USA) according to the manufacturer's specifications as we previous re-
ported [26].

2.5. FACS analysis

The cells were distributed in the 6-well platewith a concentration of
2 × 105/ml x2 ml and treated with the indicated concentration of aden-
osine for 72 h. According to the manufacturer's instructions, apoptosis
was detected with the Annexin V-FITC/PI Apoptosis Kit (#K101,
BioVision, Inc. Milpitas, California), and the activity of caspase-3 was
measured using a CaspGLOW assay kit (#K183, BioVision, Inc., Milpitas,
California, USA).

2.6. Combination index analysis

For the combination index (CI) analysis, the 3 × 103 cells/1ml in 96-
well plate were treated with a concentration gradient of adenosine,
GSK690693 or their constant ratio combination for 48 h. The CI value
of the combination of adenosine andGSK690693was calculated accord-
ing to the Chou-Talalay method by CompuSyn software, with CI N1,
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CI = 1, and CI b1 indicating antagonism, an additive effect, and syn-
ergism, respectively.

2.7. PDX cohort expansion

Pancreatic ductal adenocarcinoma tissueswere derived from the pa-
tients (Patient 003, 018, 026 and 031) with localized pancreatic cancer,
who had undergone curative surgical resection at Huashan Hospital,
Shanghai, China. Written informed consent from all four patients in ac-
cordance with the Declaration of Helsinki was obtained, and this study
was approved by the Human Ethics Committee of Huashan Hospital.

The patients' tumour tissueswere subcutaneously engrafted into the
flanks of NSG/NODmice to be expanded over time. When tumour mass
reached 1 cm in diameter, they were isolated and cut into small pieces
(1mm3). The small tumour masses were subcutaneously inoculated
into the flanks of the 6 to 8-week-old male Nu/numicewith an average
weight of 18-20 g [27,28]. When the engrafted tumours had grown to a
median size of 100 mm3 in 7–10 days after inoculation, the mice were
randomly divided into the adenosine treatment group or the control
group.

For each PDX tumour line, each treatment groupwas composed of at
least three mice, which were to be treated with adenosine by intra-
peritoneal injection at 50 mg/kg, or with normal saline every 2 days
for 6 weeks. The tumour volumes and animal body weights were mea-
sured twice per week using callipers or scales. The numbers of dead
mice were counted in the adenosine and the control group for calcula-
tion of the survival rate of the mouse model. The differences in tumour
volume, body weights and survival rates between the treatment groups
were statistically significant.

2.8. Orthotopic transplantation tumour model of human pancreatic cancer
and immunohistochemical staining

The stable BxPC-3-GFP cells were generated as described [29]. An
orthotopic implantation tumour model of pancreatic cancer was
established using the BxPC-3-GFP cells as previously reported [29].
Briefly, 107 cells were subcutaneously inoculated into the flanks of
BALB/c Nude mice. The tumours, when they reached 1 cm in diameter,
were isolated and cut into small pieces (1mm3). Then, the small tumour
masseswere surgically inoculated on the pancreas tail of themice (total
40mice) [30]. The fluorescence in the live animals were detected 7 days
after transplantation using an Olympus OV100 imaging system (Corel,
Ottawa, ON, Canada). The mice without fluorescent signals detected
were removed.

The tumour-bearing mice were randomized into 4 groups: the first
group to be treated with 10% 2-hydroxypropyl-β-cyclodextrin
(HPBCD), the second group to be treatedwith adenosine by intraperito-
neal administration (i.p.) (50mg/kg), the third group to be treatedwith
GSK690693 by i.p. (20 mg/kg), and the fourth group to be treated with
adenosine (50mg/kg) andGSK690693 (20mg/kg). All four groupswere
treated every other day for 6 weeks.Whole-body imageswere acquired
using an Olympus OV100 imaging system every three days, and the
fluorescent intensity of the tumours were quantified. Tumour size was
determined by the volume of the fluorescent areas. At the end of the ex-
periment, the tumour tissues were harvested, photographed and
weighed. The difference of the tumour size and tumour weight in the
four groups were compared and statistically analysed.

Protein expression changes were evaluated through IB analysis
using specific antibodies as indicated. Animal experiments were per-
formed in accordance with the animal protocols approved by the Insti-
tutional Animal Care and Use Committee of Anti-Cancer Biotech
(Beijing, China). The pancreatic cancer tissues were stained with anti-
bodies against Ki-67 (#ab16667, RRID: AB_2315049, Abcam Trading
Company Ltd., Shanghai, China) and c-caspase 3 (#9661, RRID: AB_
2341188, Cell Signalling, Boston, MA).
2.9. Reverse transcription-polymerase chain reaction analysis

The 30-50 mg tumour tissues that had received a certain treatment
were lysed by TRIzol (#15596018, Life Technologies, Carlsbad, CA,
USA). The RNAs were reversed using PrimeScript RT master mix
(#RR036A, Takara) and qPCR was performed by SYBR Premix Ex Tag II
(#RR820A, Takara, Dalian, China). The level of the target gene's mRNA
was normalized to that of the reference gene, actin. A list was made of
the primers as follows:

ENT1: F-CAGCCTGTGCAGTTGTCATT, R- CCGTGAA GATGAAGCAGA
CA,

ENT2: F-TTGCCCGTTACT ACCTGACC, R- CGACAGGGTGACTGTG
AAGA,

ENT3: F-TAGCAGCTCCTCCACCATCT, R- GGC AACTGGCCTCATGTAGT,
ENT4: F-ACCGCTA CCATGCCATCTAC, R- CCTGGTCGTGAGAGAAG

AGC,
CNT1: F-TGGTCTACCCAGAGGTGGAG, R- GGACGTAGGAGCAGAT

GAGC,
CNT2: F-ATGCTTGAAGCCTCTGGAAA, R- ATCTGATCTCCCAGCCATTG,
CNT3: F-CAAACTGGGCCAACAA AACT, R- GGGCAGGATCTTAAAT

GCAA,
Actin: F-CCACACCTTCTACAATGAGC, R- GGTCTCAAACATGATCTGGG.

2.10. Cell cycle analysis

Cells were distributed in the 6-well plate with a concentration of 2
× 105/ml × 2ml and treatedwith the indicated drugs for 72 h. After har-
vest, the cells were fixed with 70% ethanol overnight and washed with
PBS before incubation with RNase A (#R6513, Sigma, 1.5 μg/ml) for
1 h at 37 °C, followed by staining with 5 μl PI (#P4170, sigma) for
20 min on ice. After that, their DNA content was detected by flow cy-
tometry (Beckman, USA) and analysed usingModFit LT software (Verity
Software House Inc., Topshan, USA).

2.11. Statistical analysis

Statistical analysis was performed using GraphPad Prism 6 software
(La Jolla, CA, USA). The unpaired two-tail student t-test was applied to
evaluate the difference between the treatment and non-treatment con-
trol group in cell-based assays and the mouse models. The two-way
ANOVA with Bonferroni post-test was applied when analyzing the
data of multiple groups in the drug combination assays with the
mouse model. The continuous dependent variables of each experiment
were presented asmean± SEM unless otherwise specified. The follow-
up for theKaplan–Meier survival curveswas startedwhen the engrafted
tumours in the PDXmice (n= 11) had grown to be the median size of
100 mm3. During the follow-up, the survival statuses of the PDX mice
were checked everyday. Then at Day 42 when one of the PDX mice
had a tumour volume ≥ 2000mm3 follow up was ended in order to fol-
low the ethical requirements. The open circles in the curves represent
censoring because one mouse in each group was excluded from
checking engraftment. A log-rank test was used to analyze the
Kaplan–Meier survival curves. The data are expressed as means ±
SEM. For all of the tests, four levels of significance were determined:
*P b .05, **P b .01, ***P b .001 and ****P b .0001.

3. Results

3.1. Adenosine exhibits anti-tumour effects on pancreatic cancer in PDX
models

The anti-tumour effect of adenosine onmultiple cancer cell lines has
been documented in previous studies [19–25]. However, whether aden-
osine shows similar therapeutic efficacy against primary cancer in vivo
is still unclear. To address this question we generated patient-derived
xenograft (PDX) mouse models that bear tumour tissues from 4
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different pancreatic cancer patients (Patients 003, 018, 026 and 031).
These PDXmicewere then treated with adenosine or saline, and the tu-
mour volumes were measured at various time points during the treat-
ment. We found that the tumour growth rate was slowed after the
second treatmentwith adenosine, and the final average tumour volume
was approximately 40% smaller than the saline-treated group (adeno-
sine: 901.1 ± 381.7 mm3, saline: 1547.1 ± 462.8 mm3, Fig. 1a). There
was a significant difference between the two groups (p b .0001, two-
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AVOVA). A significantly better survival rate was seen in the adenosine-
treated group after 42 days of administration (P b .05, student t-test)
(Fig. 1c). The relative decrease in tumour volume might be correlated
with a reduced mitotic rate of tumour cells in response to adenosine
treatment as shown previously (Fig. 1d).

In spite of a steady decrease in the tumour volumes, the average
body weights of the adenosine-treated mice remained stable and were
comparable to that in the saline-treated group at all time points tested
(Fig. 1b), suggesting the overall toxicity of adenosine is low. This is fur-
ther supported by the pathological examination and biochemical blood
tests of the animals at the end of the treatment. No significant differ-
ences in the liver and lung HE-stained sections were observed between
the two groups (Fig. 1e).Most of the indictors in the blood biochemistry
tests were found to be similar between the two treatments as well,
except for LDH. A significant lower LDH (P b .05) upon adenosine
treatment is consistent with the smaller tumour volume in the
adenosine-treated group (Fig. 1f). These results suggest adenosine
treatment did not cause major abnormal physiological changes in the
PDXmodels, providing preliminary proof for the clinical safety of aden-
osine treatment.

One of the major strategies used by pancreatic cancer cells to en-
hance their tolerance of chemotherapeutic agents is downregulation
of the concentrative and equilibrative nucleoside transporters (CNTs
and ENTs), which are responsible for the intracellular delivery of nucle-
osides. We, therefore, tested whether the expression of CNTs and ENTs
decreased after adenosine treatment. As shown in Fig. 1g, adenosine sig-
nificantly increased the expression of ENT2 (P b .0001), ENT3 (P b .05),
and ENT4 (P b .01), increasing the effective delivery of adenosine into
pancreatic cancer cells. These data together indicate that adenosine
can effectively suppress pancreatic cancer cell growth safely, and the
ENT familymay be involved in adenosine's effect on effectively suppres-
sion of pancreatic cancer growth.

3.2. Adenosine exerts anti-tumour effects on pancreatic cancer cells via its
transporters

To explore the underlying mechanism by which adenosine sup-
presses tumour growth, we first examinedwhether the anti-tumour ef-
fect of adenosine is dependent. We chose two canonical pancreatic
cancer cell lines, SW1990 and BxPC3, and treated cells with adenosine
at different concentrations from 0.01 mM to 10 mM. We observed
that at a low concentration from 0.01 mM to 0.1 mM, exogenous aden-
osine promoted the growth of pancreatic cancer cells slightly. However,
as its concentration increased, adenosine strongly inhibited the growth
of both the BxPC3 and SW1990 cell lines by 40% and 80%, respectively,
after 72 h of treatment. These observations suggest that only at high
concentrations does exogenous adenosine exert a tumour-suppressing
effect on pancreatic cancer cells (Fig. 2a).

Adenosine can either bind to its receptors on the cell surface, thus
triggering downstream signalling pathways, or be absorbed from the
extracellular environment and be metabolized into inosine or cAMP,
the latter of which is one of the critical secondmessengers for PKA acti-
vation. To determine by which mode adenosine exerts its tumour sup-
pressing effect, we tested whether blocking adenosine receptors could
interfere with adenosine function. Addition of a combination of inhibi-
tors for specific adenosine receptors (8-CPT for A1a, DMPX for A2a, al-
loxan for A2b and MRS1523 for A3) [21,31] did not attenuate the
growth inhibition effect of adenosine (Fig. 2b), suggesting adenosine re-
ceptors are dispensable for the tumour suppressing effect.
Fig. 1.Adenosine suppresses tumour proliferation in PDXmodels. PDXmice derived from 4 unre
administration at 50mg/kg every 2 days for 6 weeks. a: Tumour volume. Error bars indicate SE
effect of each treatment on all of the subjects analysed by Kaplan–Meier survival curves. The o
tumours, lungs and livers stained by haematoxylin and eosin; the mitotic cells in the tumo
measured in each treatment group. Error bars indicate SEM; *P b .05; Student's t-test, n= 6. NS
detected by real-time PCR. Error bars indicate SEM; *P b .05, **P b .01, ****P b .0001; Student's
We then determined whether intracellular levels of adenosine are
necessary for its function. We disrupted the absorption of adenosine
and decreased its intracellular concentration by using dipyridamole, a
pan-inhibitor for all of these transporters [32]. We observed that the vi-
ability of both cell lines was remarkably recovered by dipyridamole in a
dose-dependent manner (Fig. 2d), indicating high levels of intracellular
adenosine are critical for its anti-tumour effect. In order to confirm the
cytotoxicity is mediated by adenosine itself, but not its metabolites,
we next incubated the adenosine-treated cells with the adenosine de-
aminase inhibitor EHNA, the adenylate cyclase agonist forskolin, the
adenylate cyclase antagonist SQ22536, or the PKA inhibitor H89
[31,33], and measured the cell viability 72 h post-treatment (Fig. 2c).
We found that EHNA significantly increased the cytotoxic effects of
adenosine by preventing its metabolism in pancreatic cancer cells.
These results implied that the tumour suppressing effect was mediated
by the elevated levels of intracellular adenosine.

3.3. Adenosine induced apoptosis in pancreatic cancer cells

Adenosine has been shown to induce apoptosis in several types of
cancer cells. To determine whether adenosine suppresses pancreatic
cancer cell growth via the same mechanism, we examined the rate of
apoptosis in SW1990 and BxPC3 cells upon adenosine treatment using
Annexin V/PI staining. As shown in Fig. 3a, when the adenosine concen-
tration reached 1 mM, the apoptosis rate increased drastically in the
treated cells. We also measured caspase-3 activation using FITC-ZAD-
FMK and immunoblotting, and found the level of cleaved caspase-3 cor-
related with the apoptosis rate as shown in Fig. 3b and Fig. 3c. Similar
patterns were also observed for the cleavage of PARP and caspase-9,
two additional proteins important in apoptosis. This dosage-
dependent pattern of the apoptosis rate was also inversely correlated
with the cell growth curves (Fig. 2a), indicating the importance of apo-
ptosis in adenosine treatment.

Moreover, the kinetics of the cleavage of these three proteins re-
vealed that 24-h treatment with adenosine at 1 mM was sufficient to
initiate the apoptotic signals. Interestingly, 5 μM of dipyridamole was
able to retain the cleavage of the three proteins to the same levels as
that in the control group and additionally prevented the adenosine-
induced growth inhibition (Fig. 3d and 2d). This suggests extracellular
adenosine induces cell death, predominantly by apoptosis, via an intrin-
sic pathway relevant to adenosine uptake into pancreatic cancer cells.

3.4. Adenosine treatment induced p21-dependent senescence of pancreatic
cancer cells

Treatment with adenosine at 1 mM induced apoptosis in both pan-
creatic cancer lines; however, a portion of the cells became flattened
and attached to the bottom of the petri dish, resembling cellular senes-
cence. Senescence is known as an irreversible status of cell cycle arrest
and is characterized by the over-expression of a specific β-
galactosidase. We speculated that this senescence-like phenomenon
might be another reason to account for the significant decrease of mi-
totic cells in the tumour biopsies from the adenosine-treated PDX
mice. To test whether the cells underwent senescence, we stained
SW1990 and BxPC3 cells with SA-β-gal 72 h post adenosine treatment
and quantified the staining positive cells under a non-phase contrast
microscope. The number of senescent cells in SW1990 and BxPC3 was
six times higher than that of untreated cells (Fig. 4a). We also observed
an increased percentage of cells in the G2/M phase of the cell cycle,
lated pancreatic cancer patients and treatedwith adenosine andHPBCD by intraperitoneal
M; ****P b .0001; two-way ANOVA, n=11. b: Bodyweight. n=11. c: The comprehensive
pen circles in the curves represent censoring. Log-rank test, n = 11.d & e: Biopsies of the
ur biopsies are labelled with black arrows. f: The serum level of biochemical indexes
stands for non-significant. g: The expression of ENT and CNT family members in tumours
t-test, n = 6. NS stands for non-significant.



Fig. 2. Adenosine inhibits the growth of SW1990 and BxPC3 cells in a dosage and time-dependent way. a: The cell viability measured by MTS assay. b–d: The impact of 8-CPT, DMPX,
alloxan, MRS1523, EHNA, forskolin, SQ22536, H89 and dipyridamole on the adenosine-treated cells tested by MTS after combined treatments with adenosine. Ade, adenosine; Dipy-5,
5 μMdipyridamole; Dipy-10, 10 μMdipyridamole; NS, no significant difference. Error bars indicate SEM; ***P b .001 and ****P b .0001; Student's t-test, n=3. NS stands for non-significant.
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consistent with the senescent-like phenotype observed above (Supple-
mentary Fig. S1). These data indicated that senescence is one of the un-
derlyingmechanisms for adenosine-induced inhibition of cell growth in
pancreatic cancer.

p21 and p16 are two important members of the Cip/Kip family and
INK family and are known to play critical roles in surveying cell cycle
progression and interrupting mitosis for error correction during this
process. Therefore, we asked whether the expression of these two pro-
teinswas affected by adenosine treatment. We determined the levels of
these proteins in pancreatic cancer cells treated with adenosine at dif-
ferent concentrations (Fig. 4b). We found that p16 and its downstream
target the Rb protein didn't respond to the adenosine treatment
regardless of the treatment duration or drug concentration. In contrast,
the p21 protein level increased in the cells treated with adenosine, and
it was further upregulatedwith an increasing amount of adenosine. The
adenosine induced expression of p21was abolishedwith the addition of
dipyridamole (Fig. 4c), indicating that intracellular adenosine is re-
quired for the upregulation of p21 in the tumour cells. Given the previ-
ous findings that p21 could induce cell cycle arrest at the G2 phase by
inhibiting CDK1 phosphorylation, we speculated that p21 mediated
adenosine-induced senescence. To test this, we transduced pancreatic
cancer cells with siRNA specific for p21 (sip21) or scramble siRNA
(siNC) before treating cells with 1 mM adenosine and measuring the
cellular senescence at 72 h post-treatment. We found that in both cell
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lines, p21 silencing significantly reduced the percentage of the senes-
cent cells after treatment with adenosine (Fig. 4d). Therefore, p21-
dependent senescence also contributes to adenosine induced growth
inhibition of pancreatic cancer cells.

3.5. Silencing p21 promotes cellular senescence to apoptosis and augments
the adenosine sensitivity in pancreatic cancer cells

Adenosine treatment induced both apoptosis and senescence in
pancreatic cancer cells,which ledus to askwhether therewas any inter-
action between the two cellular processes and how it would affect the
response to adenosine treatment. We first measured the cell viability
and apoptosis ratio in adenosine-treated pancreatic cancer cells with
or without silencing p21. Notably, the viability of cells upon adenosine
treatmentwas further reduced by 10%with p21 silencing, which is con-
sistent with increased activation of caspase-3 in the same cells (Figs. 5a
& 5b). Moreover, we also detected increased pro-apoptotic cleavage of
PARP by the caspase cascades in the cells with lower p21 expression
when treated with adenosine (Fig. 5c).

The above results suggest that downregulation of p21 expression
may switch cellular senescence to apoptosis in pancreatic cancer cells,
thereby augmenting the cytotoxicity of adenosine in pancreatic cancer
cells.

3.6. Sensitization of pancreatic cancer cells to exogenous adenosine by an
Akt inhibitor

As a cell cycle regulator, p21 performs various functions that are
highly dependent on its subcellular localization. In general, p21 shuttles
between the cytoplasm and nucleus, a process that is controlled by the
phosphorylation of specific amino acid residues on the p21 protein. Akt
is one of the most well studied kinases that can phosphorylate p21. It
phosphorylates p21 on Threonine145 or Serine146, which disrupts the
p21-PCNA complex and promotes the cytoplasmic localization of p21
[34–36]. It has been previously been reported that the cytosolic p21
can help cells resist apoptosis by binding to pro-apoptotic proteins
[37], which is consistent with the current findings. Therefore, we hy-
pothesized that Akt might function upstream of p21 to antagonize
adenosine's cytotoxicity in pancreatic cancer cells.

To test this hypothesis, we treated cells with the Akt inhibitor
GSK690693 during the adenosine treatment. GSK690693 is an ATP ana-
logue that binds to the catalyzing cleft of Akt, thus blocking its kinase
function. When the pancreatic cancer cells were treated with 1 mM
adenosine and different amounts of GSK690693, the two cell lines
showed different degrees of sensitivity to this inhibitor. Despite this dis-
crepancy, the addition of GSK690693 resulted in a decrease of cell via-
bility by 20% to 30% in both adenosine-treated pancreatic cancer cell
lines 96 h post treatment (Fig. 6a and Supplementary Fig. S2).

To determine whether GSK690693 and adenosine treatment have a
synergic effect on cells, we designed a series of constant ratio combina-
tions for adenosine and GSK690693, and tested their combined effect
using the Fraction Affected-Combination Index plot (Fa-CI plot) accord-
ing to the Chou-Talalay equation. GSK690693 and adenosine were
found to display a synergic effect within certain concentration ranges
for either of the medications, although they showed distinct patterns
using the Fa-CI plot (Fig. 6b).

Based on these graphs, two appropriate combinations of adenosine
and GSK690693 were chosen to treat each cell line for 72 h.
GSK690693 significantly alleviated the adenosine-induced p21 upregu-
lation and augmented Akt phosphorylation via a negative feedback loop
Fig. 3. Adenosine triggers the apoptosis of SW1990 and BxPC3. a: The apoptosis induced by a
measured (right panel) by PI/Annexin V-FITC staining. b: The caspase-3 cleavage triggered by
ratios of the cells with the fluorescent intensity, plotted as histograms (right panel). c: The lev
of caspase-3, caspase-9 and PARP cleavage analysed in SW1990 and BxPC3 cells receiving co
10 μM dipyridamole. Error bars indicate SEM; ***P b .001 and ****P b .0001; Student's t-test, n
as previously reported [38] (Fig. 6c). Moreover, this combination
strongly amplified the activation of the apoptotic signals including
caspase-3 and PARP in adenosine-treated cells (Fig. 6d). Therefore, the
Akt-p21 signalling axis determined the balance between senescence
and apoptosis in the adenosine-treated pancreatic cancer cells.

3.7. The potential therapeutic effect of adenosine reinforced by GSK690693
in the murine orthotopic pancreatic cancer model

To further demonstrate the combined effect of adenosine and
GSK690693 in vivo, we established EGFP-labelled BxPC3 cells and gen-
erated a murine orthotopic pancreatic cancer model by transplanting
these cells into BALB/c nude mice. These mice were divided into four
groups and were treated with one of the following: adenosine (Ado),
GSK690693 (GSK), adenosine-GSK690693mixture (A+ G), or vehicles
as control (NC).

During the treatment, cancer cell growth as indicated by the fluores-
cence in the pancreas of each mouse wasmeasured and quantified. The
growth of cancer cells in mice treated with adenosine or GSK690693
was significantly suppressed comparedwith that of the NC group. Addi-
tionally, as the treatment was prolonged, the fluorescent area of the A
+ G group became even smaller than that of the Ado and GSK groups
(Figs. 7a-c). The volume of the tumour tissues was measured at the
end of the treatment. As shown in Fig. 7b and Fig. 7c, the average tu-
mour volume of mice in the Ado group was significantly reduced to
only half of that of the NC group. The average tumour from the A + G
treated mice decreased by 32% compared to that of the Ado group, sug-
gesting the improved efficiency of this combined regimen (Figs. 7b &
7d).

To determine whether adenosine suppressed pancreatic cancer
growth by inducing apoptosis, we examined caspase-3 cleavage by im-
munohistochemical staining of the tumour tissue and immunoblotting.
While Ki-67 expression, a marker for cell proliferation, was downregu-
lated in samples from all treated groups, the activation of caspase-3was
elevated with the highest level in the A+ G group (Fig. 7e). Quantifica-
tion of protein levels also showed increased expression of caspase-3 and
phosphorylated Akt in samples from the A + G group (Fig. 7f). These
data demonstrate that the exogenous adenosine could exert a potential
therapeutic effect on pancreatic cancer by inducing apoptosis of the can-
cer cells, and that GSK690693 could further improve the efficacy of
adenosine by blocking Akt signalling.

Taking all of the in vivo data together, we conclude that exogenous
adenosine has potential therapeutic efficacy for pancreatic cancer and
that the Akt inhibitor GSK690693 coule possibly be used as an applica-
ble sensitizer in the clinical setting.

4. Discussion

In the current study, we demonstrated the anti-tumour effect of ex-
ogenous adenosine on pancreatic cancer and validated its potential in
clinical application.

Given its wide range of involvement in physiological activities, in-
cluding heart rhythm adjustment, neural signal transmission, and adi-
pose tissue differentiation, adenosine has long been studied for its
impact on tumourigenesis. Previous reports suggested that adenosine
from different sources and at different concentrations could carry out
distinct functions in cancer cells either through binding to adenosine re-
ceptors A2a, A2b, and A3, or through dosage-dependent AMPK activa-
tion [39,40]. We observed a similar anti-tumour effect of exogenous
adenosine in pancreatic cancer cells. At millimolar concentrations, this
denosine at different concentrations at the time point of 72 h, detected (left panel) and
adenosine, detected and measured by FITC-DEVD-FMK staining (left panel); the relative
els of caspase-3, caspase-9 and PARP cleavage analysed by immunoblotting. d: The levels
mbined treatment of adenosine and dipyridamole; Dipy-5, 5 μM dipyridamole; Dipy-10,
= 3.



Fig. 4.Adenosine promotes senescence via p21. a: The senescent pancreatic cancer cells after a 72 h adenosine treatment were detected and counted by SA-β-gal staining (left panel); the
senescence proportions plotted as histograms (right panel). b: The protein levels of p21, pRB and p16 analysed by immunoblotting. c: The protein levels of p21 from SW1990 and BxPC3
cells receiving a combined treatment of adenosine and dipyridamole, analysed by immunoblotting. d: The senescent SW1990 and BxPC3 cells after p21 silencing and a 72-h adenosine
treatment, detected and counted by SA-β-gal staining (left panel); the senescence proportions in the cells with or without p21 silencing, plotted as histograms (right panel); Dipy,
dipyridamole; siNC, non-sense control siRNA; siP21, siRNA for p21. Error bars indicate SEM; ***P b .001 and ****P b .0001; Student's t-test, n = 3.
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Fig. 5. p21 affects the outcomes of adenosine-treated pancreatic cancer cells. a: The cell viability of pancreatic cancer cells with orwithout p21 silencing,measured byMTS after a 48h/72h
adenosine treatment. b: The caspase-3 cleavage with or without p21 silencing detected and measured by FITC-DEVD-FMK staining (top panel); the relative ratios of the cells with the
fluorescent intensity plotted as histograms (bottom panel). c: The levels of p21 and PARP cleavage analysed by a combination of p21 silencing and adenosine (top panel); the grey
intensities of all bands quantified by ImageJ (bottom panel). Ade, adenosine; siNC, non-sense control siRNA; siP21, siRNA for p21. Error bars indicate SEM; *P b .05, ***P b .001 and
****P b .0001; Student's t-test, n = 3.
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connatural nucleoside induced senescence and apoptosis in pancreatic
cancer cells in vitro. Utilizing inhibitors for adenosine's catabolic en-
zymes, or for its receptors, we clarified that in our model adenosine
did not function via its receptors. Nor was it involved in G-protein-
coupled signal transduction followed by cAMP formation and PKA acti-
vation in the growth inhibition of pancreatic cancer cells. Instead, we
showed that blocking the metabolism by adenosine deaminase inhibi-
tor EHNA exacerbated adenosine-induced cytotoxicity of pancreatic
cancer cells, which support acute elevation of intracellular adenosine
levels plays a crucial role in this process.

As one of the cytotoxic agents in chemotherapy, adenosine shares
the same delivery system as the nucleoside analogue drugs, including
gemcitabine and 5-FU [41]. Instead of being passively distributed into
tissues, these polar hydrophilic molecules need the assistance of nucle-
oside transporters for their entrance into cells. Unlike the selective
transportation of gemcitabine by ENT1, CNT1, and CNT3 [42], exoge-
nous adenosine can be carried into cells by all members of the equilib-
rium and concentrative nucleoside transporter families [14]. We have
demonstrated in the current study that the concentration of adenosine
is important for its suppressive activity in pancreatic cancer cells. We
speculate that the expression of ENTs and CNTsmight be one of the lim-
iting factors for its potential therapeutic effect.We also found that treat-
ment with adenosine led to increased expression of ENT2, ENT3, and
ENT4 in our PDXmodel, which indicates that adenosine could be a can-
didate for long-term chemotherapy.

Pancreatic cancers tend to develop strong chemoresistance, which is
another obstacle to improving patient prognosis. Recently, “adaptive re-
sponses” to chemotherapy, which slow down the cellular proliferation
rate but maintain cell viability under environmental stress, have been
suggested to be another survival strategy of cancer cells [43,44]. In the
current study, we illustrate the antagonizing effect of cellular senes-
cence on apoptosis that was mediated by the Akt-p21 pathway. When
the pancreatic cancer cells were treated with a high dose of adenosine,
Akt was stimulated to phosphorylate and stabilize p21. p21 accumula-
tion subsequently initiated senescence in the pancreatic cancer cells,
blocking apoptotic signal transduction to promote the survival of the
cancer cells, in accordance with the known inhibitory functions of p21
against CDK complexes and caspase-3 cleavage [45].

After verifying the anti-tumour effect of adenosine in vitro and the
mechanism of adenosine treatment resistance in pancreatic cancer
cells, we assessed the potential therapeutic value of adenosine alone
versus combined treatment with the Akt inhibitor GSK690693 using
an EGFP-labelled murine pancreatic cancer orthotopic model. Adeno-
sine and GSK690693 were administered through intraperitoneal in-
jection. The real-time monitoring data of the tumour fluorescent
areas suggested that the tumour cell proliferation was significantly
suppressed by adenosine, which led to a reduced tumour volume
compared with that from the control group after 42 days of treat-
ment. Meanwhile, the addition of GSK690693 to adenosine adminis-
tration further amplified the potential therapeutic effect of
adenosine. Analysis of the tumour tissues also revealed that
GSK690693 and adenosine synergistically induced caspase-3 activa-
tion and Ki-67 downregulation. These results further support our
in vitro findings that adenosine induces apoptosis in pancreatic can-
cers, and GSK690693 can exert sensitizing effects when applied in
combination with adenosine.

Since adenosine strongly affects various physiological activities, its
probable adverse effects are unavoidable in clinical applications. In the
current PDX mice and orthotopic models, adenosine and its co-
Fig. 6. The Akt inhibitor GSK690693 synergistically sensitizes pancreatic cancer cells to the cyt
adenosine combined with GSK690693 at the indicated concentrations. b: The fraction (Fa)
concentrations, measured by MTS after a 72 h treatment; the combination indexes of two dru
equation. c: The protein levels of p21 and pAkt were analysed by immunoblotting in the cells
of p21, caspase-3 cleavage or PARP cleavage analysed in the cells treated by adenosine, GSK6
bars indicate SEM; ****P b .0001; Student's t-test, n = 3. NS stands for non-significant.
therapy with GSK690693 did not cause any significant differences in
the average body weight between the treated groups and the control
group. As indicated by the blood biochemical tests, the function of the
liver, kidney and cardiac muscle remained at normal levels after drug
administration (Supplementary Fig. 3). Moreover, adenosine signifi-
cantly prolonged the overall survival period of the PDXmice in compar-
ison with saline treated animals. These findings indicate that adenosine
might result in a better prognosis of pancreatic cancer patients after
long-term treatment. Additionally, the synergistic effect of GSK690693
and adenosine suggest that it is possible to further reduce the therapeu-
tic dosage and potential risk of adenosine in clinical applications. Collec-
tively, our findings provide a strong rationale for the administration of
adenosine and GSK690693, characterized by low dosage and low toxic-
ity, as a promising potential alternative to the current agents used in
pancreatic cancer chemotherapy.
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Fig. 7. GSK690693 augments the therapeutic effect of adenosine on pancreatic cancer in vivo. a & c: The growth rates of tumours monitored and measured based on the fluorescent area
in the orthotopic pancreatic transplantationmodels treated by adenosine, GSK690693or their combination fromDay 12 toDay 42. Error bars indicate SEM; ****P b .0001; two-wayANOVA,
n = 7. b & d: The outcomes of each treatment assessed by the fluorescent area of the tumour issues peeled from the pancreas of the treated mice. e: The caspase-3 cleavage and Ki-67
measured by IHC. f: The caspase-3 cleavage and phosphorylated Akt in the tumour tissues from all treated mice, analysed by immunoblotting (top panel) and quantified by the
grey intensity of the bands (bottom panel). Ade, adenosine; GSK, GSK690693; cCasp3, cleaved caspase-3; pAkt, phosphorylated Akt. Error bars indicate the SEM; *P b .05; Student's t-test,
n=7.NS stands for non-significant.
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