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1  | INTRODUC TION

Neuroblastoma (NB), an embryonic cancer derived from primitive 
sympathetic neural precursors, is the most common paediatric tu‐
mour. Because of its proliferative potential, resistance to apoptosis 
and highly heterogeneous biological and clinical behaviour, NB stan‐
dard treatment requires a combined multimodal approach, including 

chemotherapy, surgery, bone marrow transplant, radiation and im‐
munotherapy.1 However, patients affected by NB generally have a 
poor prognosis and may develop resistance to conventional ther‐
apy1,2; therefore, new treatments are needed.

The non‐steroidal anti‐inflammatory drug (NSAID) aspirin 
(or acetylsalicylic acid, ASA) has been associated with a reduced 
risk for several cancers.3‐5 In addition, many studies have shown 
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Abstract
Several clinical and experimental studies have demonstrated that regular use of as‐
pirin (acetylsalicylic acid, ASA) correlates with a reduced risk of cancer and that the 
drug exerts direct anti‐tumour effects. We have previously reported that ASA inhibits 
proliferation of human glioblastoma multiforme‐derived cancer stem cells. In the pre‐
sent study, we analysed the effects of ASA on nervous system‐derived cancer cells, 
using the SK‐N‐SH (N) human neuroblastoma cell line as an experimental model. ASA 
treatment of SK‐N‐SH (N) dramatically reduced cell proliferation and motility, and 
induced neuronal‐like differentiation, indicated by the appearance of the neuronal 
differentiation marker tyrosine hydroxylase (TH) after 5 days. ASA did not affect cell 
viability, but caused a time‐dependent accumulation of cells in the G0/G1 phase of 
the cell cycle, with a concomitant decrease in the percentage of cells in the G2 phase. 
These effects appear to be mediated by a COX‐independent mechanism involving 
an increase in p21Waf1 and underphosphorylated retinoblastoma (hypo‐pRb1) protein 
levels. These findings may support a potential role of ASA as adjunctive therapeutic 
agent in the clinical management of neuroblastoma.
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that this drug can prevent cell growth and induce apoptosis6-8 
in different tumour models, including nervous system‐derived 
cancers.9‐11

Regarding NB, some studies showed that diclofenac, a non‐ste‐
roidal anti‐inflammatory drug, is able to induce apoptosis and cell 
growth inhibition in vitro and in xenografts in vivo.12 In addition, 
ciclooxygenase‐2 (COX‐2) participates in the development and 
progression of different tumours, including neuroblastoma13,14 and 
COX‐2 overexpression is associated with resistance to apoptosis, 
induction of metastases and neo‐angiogenesis in NB cell lines.15 
However, the effects of NSAIDs, and specifically of ASA, on these 
tumours are still poorly characterized. In the present study, we ana‐
lysed the effects of ASA on NB cells growth and its putative under‐
lying molecular mechanism(s), by using as a model the SK‐N‐SH (N) 
cells, a subpopulation of human neuroblastoma SK‐N‐SH cell line. 
Since neuroblastoma cells retain the ability to undergo neuronal 
differentiation in the presence of appropriate signals16,17 and the 
induction of the latter is a promising NB treatment approach,18 we 
also used SK‐N‐SH (N) cells to study the effects of ASA on neuronal 
differentiation.

2  | MATERIAL S AND METHODS

2.1 | Separation, purification and culture conditions 
of SK‐N‐SH (N) cells

Human neuroblastoma SK‐N‐SH (ATCC LCG Promochem, Milan, 
Italy, ATCCR No HTB‐11) cells were cultured in 75 cm2 tissue cul‐
ture flasks in MEM with Earle's salts (Biochrom KG), supplemented 
with 10% foetal bovine serum (Biochrom KG), 2 mmol/L l‐glu‐
tamine, 100 U/mL penicillin, 100 μg/mL streptomycin, non‐essen‐
tial amino acids and sodium pyruvate. The cells were incubated at 
37°C in a humidified atmosphere consisting of 5% CO2 and 95% 
O2. The culture medium was changed every 2 days, and cells were 
allowed to grow until they reached confluence. At this time, the cul‐
ture medium was replaced with PBS without Ca2+ and Mg2+ plus an‐
tibiotics, and the cells were incubated for 15 minutes at 37°C. The 
flasks were then gently shaken to separate the weakly adherent 
neuroblast‐like subpopulation, SK‐N‐SH (N), from the epithelial‐like 
SK‐N‐SH (E) cells monolayer. The detached SK‐N‐SH (N) cells were 
collected and re‐cultured in MEM with Earle's salts containing 10% 
foetal bovine serum, 2 mmol/L l‐glutamine, 100 U/mL penicillin, 
100 μg/mL streptomycin, non‐essential amino acids and sodium 
pyruvate. At confluence, cells were again purified as described ear‐
lier. This separation procedure was repeated at least 15 times, until 
the appearance of the cellular neuroblast‐like phenotype became 
uniform.19

2.2 | Drug treatment and analysis of cell growth

ASA was purchased from Sigma‐Aldrich (St. Louis, MO, USA). Stock 
solutions (100 mmol/L) were prepared by dissolving the substance 
in ethanol (vehicle) and diluted to the desired concentrations in 

incubation medium. Prostaglandin E2 (PGE2) was purchased from 
Sigma‐Aldrich. Stock solutions (5 mmol/L) were prepared by dis‐
solving the substance in ethanol (vehicle) and diluted to the de‐
sired concentrations in incubation medium. Cells were cultured in 
60 mm Petri dishes (50 000 cells/dish) and treated with 2 mmol/L 
ASA or vehicle (control). The drug was added to the cultures start‐
ing from the second day after plating and thereafter every 48 hours, 
and growth was evaluated, every 24 hours, by counting the cells in 
quadruplicate. In experiments with PGE2, the latter was added to cell 
cultures together with ASA. Cell viability was determined by trypan 
blue dye exclusion.

2.3 | LDH release assay

Lactate dehydrogenase released in the incubation media was 
quantified using the CytoTox-96 cytotoxicity assay kit from 
Promega, according to the manufacturer's instructions. Plates 
were incubated at room temperature for 30 min in the dark, and 
adsorbance was then measured at 490 nm with a microimmuno‐
analyzer (Labsystems Oy).

2.4 | Wound healing assay

Cells were cultured in 35 mm Petri dishes to confluence, in order to 
form a monolayer covering the surface of the entire plate. Wounds 
were created with a pipette tip as previously described19 and washed 
extensively with MEM to remove cell debris. Cells were then treated 
with 2 mmol/L ASA or with vehicle. The open gaps were microscopi‐
cally assessed over time as the cells moved in and filled the damaged 
area. Images were taken at 6 and 24 hours during cell migration, and 
the latter was quantified by measuring the distance between two 
defined points on either side of the gap with the program Image J. 
For statistical evaluation, at least three measurements at different 
points were performed at each image.

2.5 | Microscopic analysis of cell death

The morphological features of apoptotic degeneration were 
analysed through the use of fluorescence microscopy with the 
nuclear dye Hoechst 33 258.19 Cells were plated at a density of 
1 000 000 cells per 35 mm dish containing a glass coverslip. After 
exposure to the experimental treatment, cells were washed with 
PBS and fixed in 4% paraformaldehyde in PBS for 30 minutes at 
room temperature. Cells were then washed three times with PBS 
and incubated for 10 minutes in a humidified atmosphere of 5% 
CO2, 95% O2 at 37°C with the DNA‐binding dye Hoechst 33 258 
(0.5 μg/mL in PBS). After being washed with distilled water, cov‐
erslips were mounted onto glass slides and photographed on a 
fluorescence microscope (Nikon Eclipse TE 300) with excitation 
at 360 nm and magnification of ×400. Cells were considered 
viable if their chromatin was diffused and evenly distributed 
throughout the nucleus, whereas cells with bright, condensed 
and/or fragmented nuclei were counted as positive for apoptosis. 
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Normal and apoptotic cells were counted from three fields per 
dish in a fixed pattern.

2.6 | Cell cycle analysis

The distribution of cells within the cell cycle was determined by 
flow cytometric analysis of DNA content (EPICS XL‐MCL Flow 
Cytometer; Coulter Electronics). Cells (2 000 000/mL) were 
washed twice with ice‐cold PBS, resuspended in 50 μl PBS/HBSS 
containing 2% FBS and fixed at 4°C for 30 minutes with 1 mL 
80% ice‐cold ethanol. Before use, cells were washed three times 
at 4°C, incubated with 0.5 mL PBS and 0.5 mL DNA‐Prep stain 
(Coulter Reagents) containing RNase (4 kU/mL) and propidium io‐
dide (50 µg/mL) and maintained at room temperature for 30 min‐
utes in the dark. DNA histograms were analysed using Multicycle 
AV software (Phoenix, San Diego, CA, USA) to evaluate cell cycle 
distribution.

2.7 | Western blot analysis

SK-N-SH (N) cells (2-3 000 000 cells per 60 mm dish) were lysed 
and sonicated with two pulses of 5 seconds with 50% of amplitude 
(Sonics and Materials, Newton, CT, USA) in a small volume of de‐
tergent lysis buffer containing 1% NP‐40, 0.01% SDS, 20 mmol/L 
Tris‐HCl pH 7.4, 300 mmol/L NaCl, 1 mmol/L EGTA, 1 mmol/L 
EDTA, 0.1 mmol/L DTT, 1 mmol/L Na3VO4 and protease inhibi‐
tors cocktail (Sigma‐Aldrich). Equal amounts (30‐40 μg) of total 
protein extracts, determined using Bio‐Rad protein Assay (Bio‐
Rad), were loaded on NuPAGE Bis‐Tris gels, (Invitrogen), trans‐
ferred on Hybond‐C Extramembrane (Amersham Biosciences; 
GE Healthcare Life Science) and immunoblotted using the follow‐
ing primary antibodies: rabbit anti‐p21 and anti‐p27 (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA), mouse anti‐underphospho‐
rylated‐Rb1 (BD Pharmingen), rabbit anti‐TH (Cell Signaling, MA, 
USA), rabbit anti‐Survivin (Abcam) and mouse anti‐β‐actin (Sigma‐
Aldrich). After three washes with TBS‐T buffer, immunoreactive 
proteins were detected using rabbit‐anti‐mouse and donkey‐anti‐
rabbit horseradish peroxidase‐conjugated secondary antibodies 
directed to the appropriated primary antibodies (Jackson Immuno 
Research Laboratories). The proteins were then visualized using 
a chemiluminescence system (ECL Millipore). The densitometric 
analyses of bands normalized to β‐actin protein levels were per‐
formed using the ImageMasterR VDS and the Imagesystem soft‐
ware package (Amersham‐Pharmacia Biotech).

2.8 | Statistical analysis

Data were analysed by one‐way ANOVA, followed by post hoc 
Newman‐Keul test for multiple comparisons among group means, 
using a PrismTM software (GraphPad), and differences were consid‐
ered statistically significant if P < .05. All results are presented as the 
mean ± SEM of at least three different experiments performed in 
duplicate, unless otherwise specified.

3  | RESULTS

3.1 | Effects of ASA on proliferation, cell viability 
and cell cycle in SK‐N‐SH (N) cells

SH‐N‐SH (N) cells were incubated with 2 mmol/L ASA and counted 
daily, during a 7 days period of culture (Figure 1A). ASA dramatically 
inhibited cell proliferation, compared with control, in a time‐depend‐
ent manner. The concentration dependence of this effect was ana‐
lysed with a 7‐day exposure of cells to ASA, which showed a maximal 
effect at 2 mmol/L (Figure 1B).

When observed under a microscope, ASA‐treated cells 
showed major morphological changes compared with control. In 
the presence of ASA, cells exhibited small, brilliant, round or spin‐
dle‐shaped cell bodies, with thin elongated and branched neurite 
extensions. On the contrary, the untreated controls retained wide 
cell bodies with short cytoplasmic processes. These phenotypic 
changes became apparent within the second day and were entirely 
developed within 7 days of treatment (Figure 1C). The differenti‐
ating effect of ASA was further confirmed by measuring the pro‐
tein expression of tyrosine hydroxylase (TH), a specific neuronal 
differentiation marker.20 Western blotting analysis showed the 
appearance of tyrosine hydroxylase at 2 days, with the maximal 
expression after 5 days in ASA‐treated samples, demonstrating 
that cells eventually exit from the cell cycle and differentiate at 
this point (Figure 1D).

In all experiments, over than 95% of the cells were viable in 
both control and treated conditions (Figure 2A), and there was 
<5% of dead cells in each group, for up to 7 days of treatment. 
Therefore, we used the Hoechst 33 258 staining assay to exclude 
the possibility that ASA induced apoptosis in SK‐N‐SH (N) cells. As 
expected, we did not observe apoptotic bodies in significant num‐
bers in either ASA‐treated or control cells (Figure 2B). Similarly, 
we did not detect any changes in lactate dehydrogenase (LDH) 
release with respect to control (Figure 2C). Thus, incubation with 
ASA does not induce cell death but instead directly inhibits cell 
proliferation.

However, ASA induced an accumulation of SK‐N‐SH (N) cells in 
the G0/G1 phase of the cell cycle and a decrease in the percentage 
of cells in the G2 phase (Table 1). These results suggest that ASA 
can induce a G0/G1 arrest and hence delays cell cycle progression 
in neuroblastoma cells, exerting a cytostatic, rather than a cyto‐
toxic effect.

3.2 | ASA inhibits the proliferation of SK‐N‐SH (N) 
cells in a COX‐independent manner

Acetylsalicylic acid is a non‐selective irreversible inhibitor of both 
COX‐1 and COX‐2.21 COX‐2 and PGE2 receptors are usually ex‐
pressed in neuroblastoma cells, and inhibition of COX‐2‐derived 
PGE2 signal results in a modulation of cell growth.22 In addition, 
COX‐1 is constitutively expressed in SK‐N‐SH (N) cells.23,24 We 
investigated whether exogenously added PGE2 could rescue 
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SK‐N‐SH (N) from the ASA anti‐proliferative action, by incubating 
the cells with 500 nM PGE2 alone or in the presence of 2 mmol/L 
ASA. Although PGE2 treatment significantly increased cell prolif‐
eration in a time‐dependent manner, it did not abrogate ASA‐me‐
diated growth inhibition (Figure 3). Therefore, PGE2 may certainly 
act as a proliferating factor for neuroblastoma cells, but in our ex‐
perimental model, the effects of ASA were mediated via a COX‐in‐
dependent mechanism.

3.3 | ASA reduces SK‐N‐SH (N) cells motility

An increase in cell motility is crucial for the metastatic potential of 
tumour cells; therefore, we performed a wound healing assay to in‐
vestigate the effect of ASA on SK‐N‐SH (N) cells motility. To this 
purpose, a line was formed by scratching the cell monolayer with 
a tip (Figure 4A). In this model at the early time‐points, the gap is 
mainly filled by cells that move into it rather than cells that prolifer‐
ate, while after 24 h the gap‐filling results from a combination of 
proliferation and motility. After wounding, cells were incubated with 
ASA (time 0), and the gap size was measured at different time‐points 
and compared with control cells. Results are presented as % of the 
distance that remained open at that particular time‐point. After 
6 hours, 69.4% and 84.5% of the initial gap were still open in control 
and ASA‐treated cells, respectively. At 24 hours, only 21.1% of the 
gap was still open in control cells, while about 68.9% was uncovered 
in ASA‐treated cells (Figure 4B), suggesting that ASA reduced the 
motility of SK‐N‐SH (N) cells.

3.4 | ASA increases p21Waf1 and 
underphosphorylated retinoblastoma (Rb1) protein 
levels, and decreases the expression survivin in  
SK‐N‐SH (N) cells

Since aspirin inhibits growth and causes G0/G1 cell cycle arrest in 
SK‐N‐SH (N) cells, we studied its effects on the expression of the 
cell cycle‐related proteins p21Waf1 and p27Kip1 that are highly ex‐
pressed in these cells.17 ASA rapidly and selectively increased the 
endogenous protein levels of p21Waf1 in a time‐dependent manner. 
p21Waf1 significantly increased within 1 day, peaked after 2 days and 
remained high for at least 5 days of treatment (Figure 5), suggest‐
ing a direct involvement of this protein in the G0/G1 cell cycle arrest 
observed in SK‐N‐SH (N) cells. On the contrary, p27Kip1 was not af‐
fected by the treatment with ASA.

p21Waf1 accumulation might impair CDK2 and CDK4 functions, 
which promote G1‐to‐S transition by phosphorylating the retino‐
blastoma (Rb1) protein25; therefore, we exposed the SK‐N‐SH (N) 
cells to ASA and analysed its effects on Rb1, by using a specific an‐
tibody, which recognizes the underphosphorylated form of this pro‐
tein (hypo‐pRb1). As shown in Figure 5, ASA produced a significant 
up‐regulation of hypo‐pRb1 levels after 1 day. These results suggest 
that Rb1 pathway may be directly involved in the G0/G1 cell cycle 
arrest in neuroblastoma cells induced by aspirin (Figure 6).

Interestingly, we found that ASA significantly decreased the 
amounts of the anti‐apoptotic protein survivin in a time‐dependent 
manner (Figure 5). This protein, highly expressed in tumour cells, is 

F I G U R E  1   ASA inhibits the proliferation and induces neuronal‐like differentiation of SK‐N‐SH (N) cells in a time‐ and concentration‐
dependent manner. A, Time course of the effects of ASA on SK‐N‐SH (N) cells. Cells were incubated with vehicle (control) or with medium 
containing 2 mmol/L ASA for the indicated times. Results are from three independent experiments performed in duplicate. *P < .05, 
**P < .01 and ***P < .001 (vs control). B, Concentration dependence of the effects of ASA on SK‐H‐SH (N) cells. Cells were incubated with 
vehicle or with medium containing increasing concentrations of ASA for 7 d. Results are from three independent experiments performed in 
duplicate. *P < .05, **P < .01 and ***P < .001 (vs control); #P ˂ 0.05 (vs 0.3 mmol/L ASA). C, Light microscopic representative images at ×200 
magnification showing ASA‐treated SK‐N‐SH (N) cells vs control, after 7 d. D, Representative Western blot experiment showing the time 
course of the effects of ASA on tyrosine hydroxylase (TH) in SK‐N‐SH (N) cells
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known to confer resistance to anti‐cancer treatments26 and is con‐
sidered a negative prognostic factor in neuroblastoma.27

4  | DISCUSSION

There is considerable evidence that ASA exhibits powerful anti‐
cancer properties. In fact, an increasing number of observational, 

epidemiological and clinical studies have demonstrated that pro‐
longed, daily use of ASA correlates with a reduced risk for different 
types of cancer. In addition, ASA can prevent cell growth, via COX‐
dependent and COX‐independent mechanisms, in several tumour 
models in vitro and in vivo.28‐31

Neuroblastoma (NB), a paediatric cancer derived from primordial 
neural crest precursors, is the most common extracranial solid tu‐
mour of childhood. Because of its proliferative potential, resistance 
to apoptosis and high biological heterogeneity, which accounts for 
variable clinical behaviour, NB standard treatment requires a com‐
bined multimodal approach, including chemotherapy, surgery, radio‐ 
and immunotherapy, as well as bone marrow transplant.1 In some 
cases, the tumour may regress completely, or spontaneously differ‐
entiate, but generally, patients affected by NB have a poor prognosis 
and may develop resistance to conventional therapy.1,2 Indeed, the 
long‐term survival rates for patients with high‐risk NB are currently 
<50% despite the aggressive therapy, emphasizing the need to find 
new treatments.32

F I G U R E  2   ASA does not affect cell viability of SK‐H‐SH (N) 
cells. A, Cells were incubated with vehicle (control) or with medium 
containing 2 mmol/L ASA for 3 d, and then, viability was measured 
via trypan blue exclusion. B, Cells were incubated with vehicle 
(control) (a) or with medium containing 2 mmol/L ASA (b) for 3 d 
and photographed in phase contrast, or stained with Hoechst 
33 258 for visualization of the nuclei [c, control; d, 2 mmol/L ASA]. 
C, Cells were incubated with vehicle (control) or with medium 
containing 2 mmol/L ASA for 3 d, and LDH was measured. Results 
are from three independent experiments performed in duplicate

A

B
a b

c d

C

F I G U R E  3   ASA inhibits the proliferation of SK‐H‐SH (N) cells in 
a COX‐independent manner. A‐B, Cells were incubated with vehicle 
or with medium containing 2 mmol/L ASA, 500 nmol/L PGE2 or 
both substances for 2 and 5 d. Results are from three independent 
experiments performed in duplicate. **P < .01 (vs control); 
°°P ˂ 0.01 (vs PGE2 alone)
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Here, we used the SK‐N‐SH (N) cells, a subpopulation of human 
neuroblastoma SK‐N‐SH cell line, as a model to investigate the 
effects of ASA on NB cells proliferation as well as the putative 
underlying molecular mechanism(s). In this experimental model, 
ASA strongly inhibited cell proliferation in a time‐ and concen‐
tration‐dependent manner. The maximal effect was obtained at 
a dose of 2 mmol/L, which falls within the physiological relevant 
concentrations of salicylic acid (0.5–2.5 mmol/L), normally found 
in the plasma with analgesic/anti‐inflammatory ASA dose,5 and is 
also highly effective in inhibiting glioblastoma multiforme (GBM) 
stem cells growth in vitro.11 In addition, ASA dramatically changed 
SK‐N‐SH (N) cells morphology, showing differentiation into a more 
mature neuronal phenotype. This observation was confirmed by 
the induction of tyrosine hydroxylase protein expression, a marker 
of neuronal differentiation specific for this cell line.20 The mor‐
phological changes were similar to those observed after treatment 
with retinoic acid, a well‐known neuroblastoma differentiat‐
ing agent17 [Pozzoli G. and Cenciarelli C., personal observation], 
suggesting that ASA might force neuroblastoma cells to exit cell 
cycle and to differentiate towards the neuronal‐like phenotype. 
Although previous studies reported that aspirin generally induces 
apoptosis in nervous system‐derived cancers via the inhibition 
of SHH/GLI1 or IL-6/STAT3 signalling pathways,7,31 it has been 
shown that the drug might also act as a differentiating agent in 
other types of neoplastic cells.33 In addition, ASA differentiating 

actions have been demonstrated in several physio‐pathological 
conditions, like osteogenic differentiation of human dental stem 
cells,34 oligodendrocytes differentiation following white matter 
lesion35 or cardiomyocytes differentiation of bone marrows mes‐
enchymal stem cells.36

Since ASA may affect cancer proliferation either through COX‐
dependent and/or COX‐independent mechanisms,10 we incubated 
the SK‐N‐SH (N) cells with exogenous PGE2 in the presence of ASA. 
PGE2 alone significantly increased cell proliferation, but did not 
revert ASA‐mediated growth inhibition. Therefore, although PGE2 
may act as an important proliferating factor for neuroblastoma cells 
and COX inhibition may be involved in the anti‐proliferative actions 
of ASA, in our experimental model the drug operated via a direct, 
COX‐independent mechanism. This result is consistent with the ef‐
fects of ASA observed in glioblastoma cancer stem cells,11 as well as 
in many other tumour models.28

We also found that ASA reduced SK‐N‐SH (N) cells motility, 
which is a key feature of a tumour propagation potential. It should 
be noted that the scratch test usually measures both cell replication 
and growth, but these phenomena may be relevant only in the late‐
phase of experiments, whereas within the first 6 hours the observed 
effects are generally related to motility alone.37

Acetylsalicylic acid did not cause cell death, but produced an ac‐
cumulation of cells in the G0/G1 phase of the cell cycle, with a parallel 
decrease of cells in G2 phase.

 % G0/G1 % S % G2

1 d Control 32.49 ± 2.68 31.43 ± 1.33 36.08 ± 3.98

2 mmol/L ASA 43.44 ± 1.91*  23.69 ± 3.20 32.87 ± 3.94

4 d Control 38.73 ± 9.92 26.94 ± 3.25 34.33 ± 3.61

2 mmol/L ASA 65.95 ± 5.22**  21.74 ± 3.29 12.32 ± 3.48** 

Time course of the effects of aspirin on SK‐N‐SH (N) cell cycle. Cells were incubated with vehicle 
(control) or with 2 mmol/L aspirin for the indicated times. Results are from two independent ex‐
periments performed in duplicate.
*P < .05; 
**P < .01 (vs control). 

TA B L E  1   Aspirin causes a G0/G1 cell 
cycle arrest in SK‐N‐SH (N) cells

F I G U R E  4   ASA reduces SK‐H‐SH 
(N) cells motility. A, Effects of 2 mmol/L 
ASA on cell migration in a wound healing 
assay. The figure shows a representative 
experiment. B, Histogram of the 
percentage of open wound remaining 
after the indicated times. Results are 
from three independent experiments 
performed in duplicate. *P < .05 and 
**P < .01 (vs control)
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The cyclin‐dependent kinases (CDKs), and their antagonists, the 
CDK inhibitors (CKIs), are crucial factors ensuring the correct cell 
progression through the cell cycle. Increased expression of one or 
more CKIs correlates with the accumulation of cells in the G0/G1 
phase. CKIs are grouped into two distinct families: the INK proteins, 
including p15Ink4b, p16Ink4a, p18Ink4c and p19Ink4d, and the CIP/KIP 
proteins, which include p21Waf1, p27Kip1 and p57Kip2.38 Interestingly, 
CKIs are also potent tumour suppressor agents38; p18Ink4c, p21Waf1 
and p27Kip1, for instance, can induce cell cycle arrest and differen‐
tiation of many neoplastic cell lines.39‐41 Since p21Waf1 and p27Kip1 
are highly expressed in SK‐NSH (N) cells which, conversely, do not 
express p15Ink4b, p16Ink4a, p18 Ink4c and p19Ink4d mRNAs,17 we in‐
vestigated the effects of ASA on the expression patterns of these 
proteins. We found that ASA greatly and selectively increased the 
p21Waf1 levels. Downstream, we also observed an accumulation 
of the Rb1 tumour suppressor protein in its hypo‐phosphorylated 
form (hypo‐pRb1). Phosphorylated Rb1 predominates in rapidly 
proliferating cells, while the hypo‐phosphorylated form blocks the 
progression from G1 to S phase and directs the cell towards differ‐
entiation (Figure 6).42‐45 Interestingly, the retinoblastoma family of 
proteins plays a central role not only on cell cycle regulation but 
has other relevant actions, that is regulation of apoptosis, cellular 

differentiation, preservation of genome stability and ultimately the 
cell fate.46 Apart from p21waf1, other CKIs are generally involved in 
cell cycle control through the modulation of the Rb pathway. In par‐
ticular, p16Ink4a is a negative regulator of mammalian cell cycle in late 
G1 phase and can induce repression of pRb1 synthesis.47 However, 
in human cells, p16Ink4a seems to be mainly associated with the pro‐
gression towards the senescent phenotype,48‐50 whereas p21waf1 is 
specifically up‐regulated in cells undergoing neuronal‐like differen‐
tiation, including NB cells.51,52 Consistently, not only SK‐N‐SH (N) 
do not constitutively express p16Ink4a, or other CKIs of the INK fam‐
ily, but the latter are not induced even when these cells are treated 
with differentiating agents.53 Therefore, although we cannot ex‐
clude the possible involvement of other CKIs, we hypothesize that 
the concomitant p21waf1 and hypo‐pRb1 up‐regulation induced by 
ASA may explain, at least in part, the restraint of the cell cycle entry, 
indicated by the accumulation of cells in the G0/G1 phase, and the 
start of neuronal-like differentiation of SK-N-SH (N) cells (Figure 6).

The inhibitor of apoptosis protein (IAP) survivin is highly up‐reg‐
ulated in many transformed cell lines including lung, colon, breast 
and brain human cancers,54 where it promotes proliferation, inva‐
siveness and inhibition of apoptosis, the latter in particular confer‐
ring resistance to chemotherapy. Therefore, elevated levels of this 

F I G U R E  5   ASA modulates Rb1 pathway via p21Waf1 up‐regulation and decreases survivin expression in SK‐N‐SH (N) cells. A, Time course 
of the effects of ASA on p21Waf1 protein levels in SK‐N‐SH (N) cells. Cells were incubated with vehicle (control) or with medium containing 
2 mmol/L ASA, for the indicated times. Results, expressed as fold increase of protein levels in treated cells vs their respective time‐point 
controls, are from three independent experiments performed in duplicate. **P < .01 (vs control). B, Time course of the effects of ASA on 
hypo‐phosphorylated Rb protein levels in SK‐N‐SH (N) cells. Cells were incubated with vehicle (control) or with medium containing 2mM 
ASA for the indicated times. Results, expressed as fold increase of protein levels in treated cells vs their respective time‐point controls, 
are from three independent experiments performed in duplicate. **P < .01 (vs control). C, Time course of the effects of ASA on survivin 
protein levels in SK‐N‐SH (N) cells. Cells were incubated with vehicle (control,) or with medium containing 2mM ASA for the indicated 
times. Results, expressed as percentage of protein levels in treated cells vs their respective time‐point controls, are from three independent 
experiments performed in duplicate. *P < .05 and **P < .01 (vs control). D, Representative images of Western blots for p21Waf1, p27Kip1, 
hypo‐phosphorylated Rb1 (Hypo‐pRb1) and survivin
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protein correlate with poor prognosis and radio/chemo‐resistance 
of several cancers, including NB.27,55,56 Here, we report that aspirin 
time dependently decreased the survivin expression, whose levels 
almost disappeared after 5 days. Evidence reports that free E2F acti‐
vators, such as E2F1 and E2F3, directly induce the survivin promoter 
activity. On the contrary, the hypo‐phosphorylated Rb1 protein, pre‐
venting E2F release, would favour the interaction of E2F repressors 
(E2F4 and E2F5) on the promoter of survivin, allowing for a gene 
transcription repression in non‐transformed embryonic fibroblast 
cells.57 Our data are suggestive for linking hypo‐pRb1 to the nega‐
tive regulation of survivin protein expression in SK‐H‐SH (N) cells.57 
The inhibition of survivin may represent an additional advantage in 
neoplastic patients, since through this action aspirin might enhance 
the effect of cytotoxic drugs to cancer cells.

In conclusion, here we show that ASA greatly inhibits neuro‐
blastoma cells proliferation and motility, and promotes their dif‐
ferentiation in vitro. These effects are mediated, at least in part, 
by the increase in p21Waf1 levels, associated with an accumulation 
of hypo‐pRb1, suggesting that ASA might be potentially useful as 
an adjuvant therapy in the treatment of NB patients. However, this 
potential does not take in account the side effects of ASA; there‐
fore, the use of this compound as an adjuvant therapy, especially 
for paediatric patients, would require caution.58 Moreover, a very 
recent study, while confirming that the chronic use of ASA correlates 
with a reduced risk for different cancers, has shown that, unexpect‐
edly, it could also have opposite effects, in particular by increasing 
the risk of breast cancer.59 In this light, further in vivo preclinical 

investigation, possibly involving human tumour xenograft of NB in 
nude mice, will be required, in order to confirm the efficacy of ASA 
and to consider a careful risk‐benefit assessment.
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accumulation of Rb1 protein in its hypo‐phosphorylated form (Hypo‐pRb1). The latter may bind and inhibit E2F1 transcriptional activity. 
Following this effect, SK‐H‐SH (N) cells undergo G0/G1 cell cycle arrest and move towards the neuronal‐like differentiation, inducing the 
expression of tyrosine hydroxylase (TH) and decreasing the levels of survivin



7086  |     POZZOLI et aL.

ORCID

Giacomo Pozzoli  https://orcid.org/0000-0003-0398-7026 

Carlo Cenciarelli  https://orcid.org/0000-0001-7480-4608 

R E FE R E N C E S

 1. Brodeur GM. Neuroblastoma: biological insights into a clinical 
enigma. Nat Rev Cancer. 2003;3:203-216.

 2. Oberthuer A, Juraeva D, Hero B, et al. Revised risk estimation 
and treatment stratification of low‐ and intermediate‐risk neuro‐
blastoma patients by integrating clinical and molecular prognostic 
markers. Clin Cancer Res. 2015;21:1904‐1915.

 3. Bosetti C, Talamini R, Negri E, Franceschi S, Montella M, La 
Vecchia C. Aspirin and the risk of prostate cancer. Eur J Cancer Prev. 
2006;15:43-45.

 4. Cuzick J, Otto F, Baron JA, et al. Aspirin and non‐steroidal anti‐in‐
flammatory drugs for cancer prevention: an international consen‐
sus statement. Lancet Oncol. 2009;10:501‐507.

 5. Dovizio M, Tacconelli S, Sostres C, Ricciotti E, Patrignani P. 
Mechanistic and pharmacological issues of aspirin as an anticancer 
agent. Pharmaceuticals. 2012;5:1346-1371.

 6. Luciani MG, Campregher C, Gasche C. Aspirin blocks proliferation 
in colon cells by inducing a G1 arrest and apoptosis through ac‐
tivation of the checkpoint kinase ATM. Carcinogenesis. 2007;28: 
2207‐2217.

 7. Kim SR, Bae MK, Kim JY, Wee HJ, Yoo MA, Bae SK. Aspirin induces 
apoptosis through the blockade of IL-6-STAT3 signaling pathway 
in human glioblastoma A172 cells. Biochem Biophys Res Commun. 
2009;387:342‐347.

 8. Cheng R, Liu YJ, Cui JW, et al. Aspirin regulation of c‐myc and cy‐
clinD1 proteins to overcome tamoxifen resistance in estrogen recep‐
tor‐positive breast cancer cells. Oncotarget. 2017;8:30252-30264.

 9. Lan F, Yue X, Han L, et al. Antitumor effect of aspirin in glioblas‐
toma cells by modulation of beta‐catenin/T‐cell factor‐mediated 
transcriptional activity. J Neurosurg. 2011;115:780‐788.

 10. Ma J, Cai Z, Wei H, Liu X, Zhao Q, Zhang T. The anti‐tumor effect of 
aspirin: what we know and what we expect. Biomed Pharmacother. 
2017;95:656-661.

 11. Pozzoli G, Marei HE, Althani A, et al. Aspirin inhibits cancer stem 
cells properties and growth of glioblastoma multiforme through 
Rb1 pathway modulation. J Cell Physiol. 2019;234:15459–15471.

 12. Johnsen JI, Lindskog M, Ponthan F, et al. Cyclooxygenase‐2 is ex‐
pressed in neuroblastoma, and nonsteroidal anti‐inflammatory 
drugs induce apoptosis and inhibit tumor growth in vivo. Cancer Res. 
2004;64:7210-7215.

 13. Johnsen JI, Lindskog M, Ponthan F, et al. NSAIDs in neuroblastoma 
therapy. Cancer Lett. 2005;228:195‐201.

 14. Gasparini G, Longo R, Sarmiento R, Morabito A. Inhibitors of 
cyclo‐oxygenase 2: a new class of anticancer agents? Lancet Oncol. 
2003;4:605-615.

 15. Tsutsumimoto T, Williams P, Yoneda T. The SK‐N‐AS human neuro‐
blastoma cell line develops osteolytic bone metastases with increased 
angiogenesis and COX‐2 expression. J Bone Oncol. 2014;3:67-76.

 16. Abemayor E, Sidell N. Human neuroblastoma cell lines as models 
for the in vitro study of neoplastic and neuronal cell differentiation. 
Environ Health Perspect. 1989;80:3‐15.

 17. Wainwright LJ, Lasorella A, Iavarone A. Distinct mechanisms of 
cell cycle arrest control the decision between differentiation and 
senescence in human neuroblastoma cells. Proc Natl Acad Sci USA. 
2001;98:9396-9400.

 18. Matthay KK, Villablanca JG, Seeger RC, et al. Treatment of 
high‐risk neuroblastoma with intensive chemotherapy, 

radiotherapy, autologous bone marrow transplantation, and 
13‐cis‐retinoic acid. Children's Cancer Group. N Eng J Med. 
1999;341:1165-1173.

 19. Pozzoli G, De Simone ML, Cantalupo E, et al. The activation of type 
1 corticotropin releasing factor receptor (CRF‐R1) inhibits prolifera‐
tion and promotes differentiation of neuroblastoma cells in vitro via 
p27Kip1 protein up‐regulation and c‐Myc mRNA down‐regulation. 
Mol Cell Endocrinol. 2015;412:205‐215.

 20. Klongpanichapak S, Phansuwan‐Pujito P, Ebadi M, Govitrapong P. 
Melatonin inhibits amphetamine‐induced increase in alpha‐synu‐
clein and decrease in phosphorylated tyrosine hydroxylase in SK‐N‐
SH cells. Neurosci Lett. 2008;436:309-313.

 21. Simmons DL, Botting RM, Hla T. Cyclooxygenase isozymes: the 
biology of prostaglandin synthesis and inhibition. Pharmacol Rev. 
2004;56:387-437.

 22. Cook PJ, Thomas R, Kingsley PJ, et al. Cox‐2‐derived PGE(2) induces 
Id1‐dependent radiation resistance and self‐renewal in experimen‐
tal glioblastoma. Neuro‐Oncology. 2016;18:1379-1389.

 23. Fiebich BL, Mueksch B, Boehringer M, Hull M. Interleukin‐1beta 
induces cyclooxygenase‐2 and prostaglandin E(2) synthesis in 
human neuroblastoma cells: involvement of p38 mitogen‐acti‐
vated protein kinase and nuclear factor‐kappaB. J Neurochem. 
2000;75:2020‐2028.

 24. Wendeburg L, de Oliveira AC, Bhatia HS, Candelario‐Jalil E, Fiebich 
BL. Resveratrol inhibits prostaglandin formation in IL‐1beta‐stimu‐
lated SK‐N‐SH neuronal cells. J Neuroinflamm. 2009;6:26.

 25. Sherr CJ. Growth factor‐ regulated G1 cyclins. Stem Cells. 
1994;12(suppl 1):47‐55.

 26. Altieri DC. Survivin - The inconvenient IAP. Semin Cell Dev Biol. 
2015;39:91-96.

 27. Ito R, Asami S, Motohashi S, et al. Significance of survivin mRNA 
expression in prognosis of neuroblastoma. Biol Pharmaceut Bull. 
2005;28:565-568.

 28. Langley RE, Burdett S, Tierney JF, Cafferty F, Parmar MK, Venning 
G. Aspirin and cancer: has aspirin been overlooked as an adjuvant 
therapy? Br J Cancer. 2011;105:1107‐1113.

 29. Fujita M, Kohanbash G, Fellows‐Mayle W, et al. COX‐2 blockade 
suppresses gliomagenesis by inhibiting myeloid‐derived suppressor 
cells. Cancer Res. 2011;71:2664-2674.

 30. Navone SE, Guarnaccia L, Cordiglieri C, et al. Aspirin affects tumor 
angiogenesis and sensitizes human glioblastoma endothelial cells 
to temozolomide, bevacizumab, and sunitinib, impairing vascu‐
lar endothelial growth factor‐related signaling. World Neurosurg. 
2018;120:e380‐e391.

 31. Ming J, Sun B, Li Z, et al. Aspirin inhibits the SHH/GLI1 signaling 
pathway and sensitizes malignant glioma cells to temozolomide 
therapy. Aging. 2017;9:1233‐1247.

 32. Whittle SB, Smith V, Doherty E, Zhao S, McCarty S, Zage PE. 
Overview and recent advances in the treatment of neuroblastoma. 
Exp Rev Anticancer Ther. 2017;17:369-386.

 33. Ricchi P, Pignata S, Di Popolo A, et al. Effect of aspirin on cell pro‐
liferation and differentiation of colon adenocarcinoma Caco‐2 cells. 
Int J Cancer. 1997;73:880‐884.

 34. Yuan M, Zhan Y, Hu W, et al. Aspirin promotes osteogenic dif‐
ferentiation of human dental pulp stem cells. Int J Mol Med. 
2018;42:1967-1976.

 35. Chen J, Zuo S, Wang J, et al. Aspirin promotes oligodendrocyte 
precursor cell proliferation and differentiation after white matter 
lesion. Front Aging Neurosci. 2014;6:7.

 36. Hao W, Shi S, Zhou S, Wang X, Nie S. Aspirin inhibits growth and 
enhances cardiomyocyte differentiation of bone marrow mesen‐
chymal stem cells. Eur J Pharmacol. 2018;827:198‐207.

 37. Androulidaki A, Dermitzaki E, Venihaki M, et al. Corticotropin 
Releasing Factor promotes breast cancer cell motility and invasive‐
ness. Mol Cancer. 2009;8:30.

https://orcid.org/0000-0003-0398-7026
https://orcid.org/0000-0003-0398-7026
https://orcid.org/0000-0001-7480-4608
https://orcid.org/0000-0001-7480-4608


     |  7087POZZOLI et aL.

 38. Chellappan SP, Giordano A, Fisher PB. Role of cyclin‐dependent 
kinases and their inhibitors in cellular differentiation and develop‐
ment. Curr Top Microbiol Immunol. 1998;227:57‐103.

 39. Borriello A, Pietra VD, Criscuolo M, et al. p27Kip1 accumulation 
is associated with retinoic‐induced neuroblastoma differentiation: 
evidence of a decreased proteasome‐dependent degradation. 
Oncogene. 2000;19:51-60.

 40. Harper JW, Adami GR, Wei N, Keyomarsi K, Elledge SJ. The p21 
Cdk‐interacting protein Cip1 is a potent inhibitor of G1 cyclin‐de‐
pendent kinases. Cell. 1993;75:805-816.

 41. Uziel T, Zindy F, Sherr CJ, Roussel MF. The CDK inhibitor 
p18Ink4c is a tumor suppressor in medulloblastoma. Cell Cycle. 
2006;5:363-365.

 42. Manning AL, Dyson NJ. RB: mitotic implications of a tumour sup‐
pressor. Nat Rev Cancer. 2012;12:220-226.

 43. Hamel PA, Gill RM, Phillips RA, Gallie BL. Transcriptional repression 
of the E2‐containing promoters EIIaE, c‐myc, and RB1 by the prod‐
uct of the RB1 gene. Mol Cell Biol. 1992;12:3431‐3438.

 44. Sager R. Tumor suppressor genes in the cell cycle. Curr Opin Cell 
Biol. 1992;4:155-160.

 45. Sherr CJ, Roberts JM. CDK inhibitors: positive and negative regula‐
tors of G1‐phase progression. Genes Dev. 1999;13:1501‐1512.

 46. Indovina P, Pentimalli F, Conti D, Giordano A. Translating RB1 pre‐
dictive value in clinical cancer therapy: are we there yet? Biochem 
Pharmacol. 2019;166:323–334.

 47. Sandig V, Brand K, Herwig S, Lukas J, Bartek J, Strauss M. 
Adenovirally transferred p16 INK4/CDKN2 and p53 genes 
cooperate to induce apoptotic tumor cell death. Nat Med. 
1997;3:313.

 48. Alcorta DA, Xiong Y, Phelps D, Hannon G, Beach D, Barrett JC. 
Involvement of the cyclin-dependent kinase inhibitor p16 (INK4a) in 
replicative senescence of normal human fibroblasts. Proc Natl Acad 
Sci USA. 1996;93:13742-13747.

 49. Hara E, Smith R, Parry D, Tahara H, Stone S, Peters G. Regulation of 
p16CDKN2 expression and its implications for cell immortalization 
and senescence. Mol Cell Biol. 1996;16:859-867.

 50. Zonis S, Breunig JJ, Mamelak A, et al. Inflammation‐induced Gro1 
triggers senescence in neuronal progenitors: effects of estradiol.  
J Neuroinflammation. 2018;15:260.

 51. Poluha W, Poluha DK, Chang B, et al. The cyclin‐dependent kinase 
inhibitor p21 (WAF1) is required for survival of differentiating neu‐
roblastoma cells. Mol Cell Biol. 1996;16:1335-1341.

 52. Yan G‐Z, Ziff EB. Nerve growth factor induces transcription of the 
p21 WAF1/CIP1 and cyclin D1 genes in PC12 cells by activating the 
Sp1 transcription factor. J Neurosci. 1997;17:6122-6132.

 53. Hu X, Zuckerman K. Role of cell cycle regulatory molecules in reti‐
noic acid‐and vitamin D3‐induced differentiation of acute myeloid 
leukaemia cells. Cell Prolif. 2014;47:200‐210.

 54. Altieri DC. Survivin, versatile modulation of cell division and apop‐
tosis in cancer. Oncogene. 2003;22:8581‐8589.

 55. Abou‐Antoun TJ, Nazarian J, Ghanem A, Vukmanovic S, Sandler 
AD. Molecular and functional analysis of anchorage independent, 
treatment‐evasive neuroblastoma tumorspheres with enhanced 
malignant properties: a possible explanation for radio‐therapy re‐
sistance. PLoS One. 2018;13:e0189711.

 56. Hagenbuchner J, Kiechl-Kohlendorfer U, Obexer P, Ausserlechner 
MJ. BIRC5/Survivin as a target for glycolysis inhibition in high‐stage 
neuroblastoma. Oncogene. 2016;35:2052-2061.

 57. Jiang Y, Saavedra HI, Holloway MP, Leone G, Altura RA. Aberrant 
regulation of survivin by the RB/E2F family of proteins. J Biol Chem. 
2004;279:40511‐40520.

 58. Morgan G. Aspirin as adjuvant therapy in childhood cancer? Br J 
Cancer. 2012;106:240.

 59. Tsoi KK, Ho JM, Chan FC, Sung JJ. Long‐term use of low‐dose as‐
pirin for cancer prevention: a 10‐year population cohort study in 
Hong Kong. Int J Cancer. 2019;145:267-273.

How to cite this article: Pozzoli G, Petrucci G, Navarra P, Marei 
HE, Cenciarelli C. Aspirin inhibits proliferation and promotes 
differentiation of neuroblastoma cells via p21Waf1 protein 
up‐regulation and Rb1 pathway modulation. J Cell Mol Med. 
2019;23:7078–7087. https ://doi.org/10.1111/jcmm.14610 

https://doi.org/10.1111/jcmm.14610

