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ABSTRACT In cervical cancer, HPV infection and disruption of mechanisms involving cell
growth, differentiation, and apoptosis are strictly linked with tumor progression and invasion.
Tumor microenvironment is ATP and adenosine rich, suggesting a role for purinergic signaling
in cancer cell growth and death. Here we investigate the effect of extracellular ATP on human
cervical cancer cells. We find that extracellular ATP itself has a small cytotoxic effect, whereas
adenosine formed from ATP degradation by ectonucleotidases is the main factor responsible
for apoptosis induction. The level of P2x7 receptor seemed to define the main cytotoxic
mechanism triggered by ATP, since ATP itself eliminated a small subpopulation of cells that
express high P2x7 levels, probably through its activation. Corroborating these data, block-
age or knockdown of P2x7 only slightly reduced ATP cytotoxicity. On the other hand, cell
viability was almost totally recovered with dipyridamole, an adenosine transporter inhibitor.
Moreover, ATP-induced apoptosis and signaling—p53 increase, AMPK activation, and PARP
cleavage—as well as autophagy induction were also inhibited by dipyridamole. In addition,
inhibition of adenosine conversion into AMP also blocked cell death, indicating that metabo-
lization of intracellular adenosine originating from extracellular ATP is responsible for the
main effects of the latter in human cervical cancer cells.
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INTRODUCTION
Cervical cancer, although easily preventable by Papanicolaou
screenings, is still high in the rank of cancers affecting women, with

the third-highest incidence and fourth-highest fatality rate among
females worldwide (Jemal et al., 2011). Although almost all cases of
cervical cancer are linked with human papillomavirus (HPV) infec-
tion, virus presence per se is not sufficient to trigger carcinogenesis.
Acute infection with carcinogenic-type HPV is the first step, followed
by viral persistence (rather than clearance) and subsequent precan-
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cer development and invasion (Schiffman et al., 2011). This dynamic
process suggests that alterations in growth and differentiation of
epithelial cells are involved in cancer progression. Thus, understand-
ing cervical cell biology and the mechanisms by which cells become
altered during cancer development is extremely necessary.

Among the extracellular purines, ATP is a key extracellular signal-
ing molecule and participates in several physiological processes,
including immune response, neurotransmission, vascular tonus,
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pain sensation, cell proliferation, differentiation, development, and
death (Lee et al., 2006; Tamajusuku et al., 2010). To execute these
functions, ATP can act through two types of purine receptors: P2X
receptors, which are ligand-gated ion channels; and P2Y receptors,
which are G protein—coupled receptors (Burnstock et al., 2012).

Among the P2X receptors, only the P2x7 subtype is able to form
a pore permeable to hydrophilic molecules up to 900 Da in size
when activated by high ATP concentration over relatively long peri-
ods. This pore formation leads to an increase in intracellular cytoso-
lic free calcium ions and the induction of cell death (Burnstock et al.,
2012). High levels of extracellular ATP and 2’,3’-O(4-benzoylben-
zoyl)ATP (BzATP, a P2x7 receptor agonist) induce a significant reduc-
tion in keratinocyte number in primary human keratinocyte cultures,
indicating the role of P2x7 in the control of epithelial growth
(Burnstock et al., 2012). In the same way, P2x7 was found to control
baseline apoptosis in normal human ectocervical epithelial cells
(hECEs) through an autocrine/paracrine mechanism involving ATP
secretion by cells, P2x7 activation, cytosolic calcium influx, and mi-
tochondrial apoptotic pathway induction (Wang et al., 2004). Finally,
Bian et al. (2013) described a role for P2x7 in ATP-induced au-
tophagy in melanoma and colon cancer cells through the modula-
tion of two important intracellular pathways involved in cell growth
and death, phosphoinositide 3-kinase (PI3K)/Akt and AMP-activated
protein kinase (AMPK)/PRAS40/mTOR. However, the role of au-
tophagy in this context was not assessed.

Autophagy is a physiological mechanism involved in the degra-
dation of old and/or injured cell components. It is triggered by met-
abolic alterations, such as nutrient deprivation or hypoxia, toxins,
cytotoxic drugs, or other stressful conditions, and interferes with cell
fate in a dual manner: it contributes to cell survival and adaptation
in an adverse context but can contribute to cell death if triggered in
high levels or for a long time (He and Klionsky, 2009; Yang and
Klionsky, 2010). Two important components in this process are the
proteins LC3 and p62. LC3 (microtubule-associated protein 1 light
chain 3 o) is cytosolic (LC3 1) and, after proautophagic stimulus, is
lipidated to form LC3 Il (Kabeya et al., 2004). P62 (sequestosome 1),
on the other hand, marks cell components to be targeted to au-
tophagosomal degradation and directly interacts with LC3 Il in the
autophagosomal membrane, being reduced when autophagic flux
is increased (Pankiv et al., 2007; Matsumoto et al., 2011).

In addition to the direct cytotoxic effect described by extracel-
lular ATP through P2x7 activation, other adenine nucleotides and
adenosine can act as cell death inducers. Among them, adenosine,
historically recognized as a key modulator of tumor progression, has
emerged as an important factor in cell death and differentiation
(Saitoh et al., 2004; Sai et al., 2006). Extracellular adenosine at high
concentration can induce apoptosis in a variety of cancer cells via an
intrinsic and/or an extrinsic pathway. The former pathway was de-
scribed in human epithelial cancer cells originating from breast, co-
lon, and ovary and is marked by adenosine uptake into cells via
specific transporters, conversion to AMP by adenosine kinase, and
AMPK activation (Saitoh et al., 2004). The latter pathway was found
in glioma cells, myeloid leukemia cells, mammary carcinoma cells,
embryonic epithelial cells, granulose cells, thymocytes, and B lym-
phocytes and neutrophils and is characterized by adenosine as acti-
vation of the Ay, Az, Agp, and As receptors (Saitoh et al., 2004; Sai
et al., 2006; Tsuchiya et al., 2012). Depending on cell type, intracel-
lular adenosine can induce apoptosis by a caspase-dependent or
-independent mechanism (Tsuchiya et al., 2012).

Tumor microenvironment is rich in extracellular ATP (Pellegatti
et al., 2008) and adenosine (Ohta et al., 2006; Ghiringhelli et al.,
2012), and the effect of these molecules depends on both ATP con-
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centration and the rate of ATP degradation to adenosine by ecto-
nucleotidases present at the extracellular membrane (Beckenkamp
etal., 2014), as well as on the panel of P2 receptor expressed by the
tumor (Di Virgilio, 2012; Burnstock and Di Virgilio, 2013). Therefore,
to understand this complex network in the context of cancer devel-
opment, here we studied the effect of extracellular ATP and its me-
tabolite adenosine on cervical cancer cells. Therefore we investi-
gated the importance of P2x7 and the mechanism underling ATP
toxicity on cervical cancer, searching for a possible new target for
diagnosis, prognosis, or treatment of this neoplasia.

RESULTS

SiHa cell line expresses high mRNA levels

of the P2x7 receptor

Because lower levels of P2x7 were described in epithelial cancer
cells than in normal tissue (Li et al., 2009), we investigated the levels
of P2x7 mRNA in different cervical cancer cell lines and in an im-
mortalized human epithelial cell line (HaCaT) used as nontumori-
genic control cells (Figure 1A). Cervical cancer cell lines (SiHa, Hela,
and C33A) and HaCaT exhibited different amounts of P2x7 mRNA.
Among them, the SiHa cell line presented the highest levels of
P2x7 mRNA, and therefore we chose it to investigate the role of
P2x7 in the response of cervical cancer to extracellular ATP.

Extracellular ATP promotes cell death

in a dose- and time-dependent way

To initially assess the cytotoxic effect of extracellular ATP, we treated
cervical cancer cells with increasing doses of ATP for 24 h, with a
maximum cytotoxic effect of 30% with 5 mM (Figure 1B). After 72 h,
5 mM ATP reduced the number of cells by 80% in relation to control
(Figure 1C, bottom). Surviving cells had reduced long-term viability,
since clonogenic survival of cells that survived 72 h was only 31%,
indicating a slow mechanism of cell death (Figure 1C, top).

Extracellular ATP-induced cell death shows features

of apoptosis but not necrosis

ATP, 5 mM, led to cell shrinkage in a time-dependent manner, as
observed by forward scatter, suggesting apoptotic cell death
(Figures 2A and Supplemental Figure S1). Indeed, treatment with
extracellular ATP induced only a slight increase of lactate dehydro-
genase (LDH) levels in the culture medium after 72 h (Figure 2B) and
no increase of propidium iodide (Pl) staining (Figure 2C), showing
that necrosis was not the primary mechanism of ATP toxicity in SiHa
cells. On the other hand, cells presented some phenotypic altera-
tions that resemble apoptosis, including membrane blebbing, cell
shrinkage, and chromatin condensation after 48 and 72 h. In agree-
ment, ATP treatment highly increased annexin V staining (Figure
2C), confirming that ATP exerts a cytotoxic effect in SiHa cancer cells
mainly through induction of apoptotic cell death.

ATP-induced apoptosis is not prevented by caspases
inhibitors or calcium chelators

The main mechanism of P2x7-mediated cell death in normal human
ectocervical epithelial cells (\ECEs) involves pore formation, calcium
influx, and apoptosis induction through caspase activation (Wang
et al., 2004). Surprisingly, neither ethylene-bis(oxyethylenenitrilo)
tetraacetic acid (EGTA) nor the pancaspase inhibitor zZAsp-CH(2)-
DCB (zAsp) was able to reduced ATP toxicity (Figure 3A). Of interest,
BzATP, a P2x7 agonist, showed a cytotoxic effect in a dose-depen-
dent manner, with ECsg = 100 pM (Figure 3B), and this cytotoxicity
was apoptotic and completely blocked by EGTA and zAsp (Figure
3A), suggesting that P2x7 is functional in inducing cell death but
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Extracellular ATP exerts acute and chronic toxicity in cervical cancer cells. (A) Comparison of P2x7 mRNA
expression in SiHa, Hela, C33A, and HaCaT cell lines by quantitative real-time PCR analysis. Results are presented as
the ratio cDNA/GAPDH. (B) SiHa cell viability after exposure to increased ATP concentration for 24 h using MTT assay.
(C) Bottom, time curve of SiHa cells treated with 5 mM ATP for 24, 48, and 72 h, determined by number of viable cells
not marked by trypan blue. Top, 100 viable cells were seeded in clonogenic assay, and colony formation was evaluated.
Numbers at bottom are survival fraction according to clonogenic assay. C, control; ATP, treatment with 5mM ATP.

*p < 0.05 compared with control (one-way ANOVA, followed by Tukey’s test).

does not respond to concentrations of ATP above the described
concentration needed for activation of this receptor. In addition,
when SiHa cells were treated with ATPYS, a nondegradable ATP
form, only ~20% of cells died (Figure 3C), which was completely
blocked by calcium chelation and caspase inhibition (Figure 3, C
and D), indicating that a degradation product of ATP plays a role in
its cytotoxicity.

This relatively small contribution of P2x7 to cell death was con-
firmed with the use of a P2x7 antagonist, oxidized ATP (0ATP), which
only partially prevented the effect of ATP (Figure 4A). To reinforce
these findings, P2x7 knockdown (KD) SiHa cells (Figure 4B) were
slightly more resistant to ATP than were wild-type (WT) or KD control
cells (Figure 4C), confirming the partial role of this receptor in the
cytotoxic effect of ATP.

ATP treatment preferentially eliminates cells expressing

high P2x7 levels

To investigate which cells are killed by ATP directly, we determined
the P2x7 protein levels in cells after treatment with ATP in two ways:
1) cells were treated with 5 mM ATP for 24, 48, and 72 h, and the
remaining adherent cells were lysed and tested for P2x7 levels
(Figure 5A); and 2) cells were treated with 5 mM ATP for 24, 48, and
72 h, followed by medium removal, two washes with 1x phosphate-
buffered saline (PBS), and growth in ATP-free medium for an addi-
tional 4 d; adherent cells were then collected, and Western blot
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analysis was performed (Figure 5B). As shown in Figure 5, A and B,
in both treatments, cells that remained adherent showed lower P2x7
protein levels than control, indicating that a subpopulation of cells
with higher P2x7 levels was eliminated by ATP, as was also observed
in glioma cells (Tamajusuku et al., 2010). Together these results sug-
gest that extracellular ATP per se is responsible for only a small part
(~20%) of the toxicity of extracellular ATP through the P2x7 receptor
and that the remaining cytotoxic effect might be through a metabo-
lite derivative.

Adenosine uptake formed from ATP degradation is the
major cytotoxic factor of extracellular ATP

Thus far our data suggest that P2x7 activation per se only elimi-
nates cells with high expression levels of P2x7. To understand
where the additional toxicity of ATP comes from, we turned our
attention to adenine nucleotides and adenosine formed from ATP
by the action of ectonucleotidases, which are expressed in human
cervical cancer cells (Beckenkamp et al., 2014). Most of the extra-
cellular ATP was degraded to its metabolites over 72 h (Figure 6A,
see also Supplemental Table S1). All of the main metabolites of
ATP had toxic effects in cervical cancer cell lines (SiHa, Hela, and
C33A) and a human epithelial cell line (HaCaT), with C33A and
Hela cells presenting a more resistant profile. Of importance, only
adenosine significantly reduced cell viability in all cell lines (Figures
6B and Supplemental Figure S3A). Because several studies
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FIGURE 2: Extracellular ATP triggers apoptosis in SiHa cervical cancer cells. (A) Forward scatter analysis after treatment
with 5 mM ATP for 24, 48, and 72 h. (B) Loss of membrane integrity measured by LDH release after treatment with

5 mM ATP for 24, 48 and 72 h. Triton X-100 was used as positive control for LDH release. (C) Top, images of SiHa cell
treatment with 5 mM ATP for 24, 48, and 72 h. Cell nuclei was stained with Hoescht 35565665 according to
manufacturer’s instruction. Note apoptotic features such as cell shrinkage and blebbing and fragmented nuclei when
cells were treated with ATP. Scale bars, 20 pm; magnification, 20x. Bottom, apoptosis and necrosis measured by annexin
V- and Pl-positive cells, quantified by flow cytometry in the same conditions as in C. Values refer to average of the
percentage of cells in each gate of three independent experiments + SD. *p < 0.05 compared with control (one-way

ANOVA, followed by Tukey's test).

attributed a cytotoxic effect to adenosine in other cell types
(Saitoh et al., 2004; Sai et al., 2006), we investigated whether up-
take of extracellular adenosine formed by ATP degradation, which
did not accumulate in extracellular medium (Supplemental Figure
S5A), was responsible for apoptosis induction after ATP treatment.
We treated SiHa cells with 10 pM dipyridamole (DIP), an inhibitor
of adenosine transport, 30 min before ATP exposure (Figure 6C,
left). DIP reduced cell shrinkage (Supplemental Figure S1), cell
number reduction (Figure 6C, right), and annexin V staining
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(Figures 6D, right, and Supplemental Figure S1) induced by ATP
treatment. Furthermore, phenotypic observation confirmed the
reduction of apoptotic features such as cell shrinkage, membrane
blebbing, and nuclear condensation and fragmentation (Figure
6D, left and middle), which were present after ATP treatment only
(Figure 2C). After 72 h, there was a reduction of 20% in the cell
number in DIP plus ATP treatment, which was not altered by DIP
replacement each 24 h (unpublished data) but was by knockdown
of the P2x7 receptor (Supplemental Figure S2), suggesting that

Molecular Biology of the Cell
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Extracellular ATP increased the levels
of pAMPK(T172)—the active state of
AMPK (Hardie et al., 2006)—in a time-
dependent manner, mainly after 48 and
72 h, accompanied by PARP cleavage
(Figure 7A). p53 levels reached the highest
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by DIP pretreatment. Furthermore, DIP
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a classical antiapoptotic protein, after 72 h
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FIGURE 4: P2x7 receptor contributes little to the total cytotoxic effect of extracellular ATP in
SiHa cells. (A) Blockage of 5 mM ATP induces cell death by the P2x7 antagonist oATP at two
concentrations (300 and 600 pM). Control represents cells without treatment. *p < 0.05 for
comparison vs. control and #p < 0.05 for comparison vs. respective group (two-way ANOVA,
followed by Bonferroni posttest). (B) Knockdown for P2x7 confirmed by Western blot. SiHa WT,
SiHa wild type; SiHa KD ctrl, SiHa cells transduced with nontarget sequence (knockdown
control); SiHa KD P2x7, SiHa knockdown for P2x7. Loading control (LC) represents PVDF
membrane stained with Coomassie blue. Numbers represent P2x7 protein amount in relation to
SiHa WT. (C) Number of viable cells not marked by trypan blue after 5 mM ATP treatment for 24,
48, and 72 h. *p < 0.05 vs. SiHa KD Ctrl and WT at the respective times (one-way ANOVA,

followed by Tukey's test).

this slight effect occurs through ATP-mediated P2x7 receptor ac-
tivation and toxicity and is not due to the loss of action of DIP.
Taken together, these results strongly suggest that adenosine up-
take, formed by ATP degradation, is a central player in the cell
death induced by extracellular ATP. In agreement, inhibition of
adenosine kinase by ABT-702 completely reversed ATP-induced
apoptosis (Figure 6E, bottom), indicating that intracellular ade-
nosine phosphorylation and conversion to AMP is a key step in
the toxicity of extracellular ATP. Indeed, as occurred with DIP plus
ATP, there was a reduction of 20% in the number of cells after 72 h
of treatment with ABT-702 plus ATP (Figure 6E, top), reinforcing
the slight involvement of ATP-P2x7 in ATP-induced cell death
and the importance of the metabolization of adenosine to AMP.
Corroborating these data, sensitivity of cells to adenosine was
strongly positively correlated (r = 0.9) with ATP cytotoxic effect in
the four cell lines studied. On the other hand, ATP sensitivity at
24 h was not correlated with mRNA P2x7 levels (Supplemental
Figure S3). Of interest, when cells were exposed to ATP for 48 or
72 h, the correlation between ATP sensitivity and mRNA P2x7 lev-
els increased (unpublished data), suggesting that P2x7 activation
could be important after a long exposure and thus could be in-
volved with the cell death observed after DIP plus ATP at 72 h.
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of ATP treatment. Taken together, these
data suggest that adenosine uptake is
responsible for the main molecular altera-
tions that underlie the toxicity of extracel-
lular ATP in cervical cancer cells.

The induction of autophagy by extracel-
lular ATP has been described (Bian et al.,
2013), but the role of autophagy in this con-
text is poorly understood, despite its impor-
tance. Thus we examined the induction of
autophagy after ATP treatment, with or with-
out DIP, as well as the role of ATP-induced
autophagy. As shown in Figure 7B, 5 mM
ATP increased the LC3Il/I ratio and de-
creased the amount of p62 after 48 and 72 h, suggesting autophagy
induction. Corroborating data from molecular mechanisms trig-
gered by ATP treatment, this proautophagic effect of ATP was re-
verted by DIP pretreatment, suggesting that adenosine uptake is
responsible for autophagy triggering after ATP treatment.

Finally, the role of ATP-induced autophagy was assessed by phar-
macological modulation of this process, followed by cell number
evaluation and acridine orange (AO) staining, which is a marker of
autophagolysosome formation. ATP alone significantly increased the
percentage of AO-positive cells after 24 h. To inhibit autophagy, cells
were pretreated with two autophagy inhibitors, 3-methyladenine
(3MA) and bafilomycin A1 (Baf), whereas autophagy was activated
by rapamycin (RAPA). 3MA and Baf inhibited ATP-induced autophagy
only until 24 h, whereas RAPA potentiated the proautophagic effect
of ATP for up to 48 h (Figure 7, C and D, and Supplemental Figure
S4). After 24 h, the treatments that increased in autophagy (Figure
7D, top) induced a reduction in cell number (Figure 7D, bottom),
with strong correlation (r = 0.9) between autophagy and cell death
(Supplemental Figure S4B), suggesting a cytotoxic role for ATP-
induced autophagy. On the other hand, after 48 h, all treatments
presented the same index of autophagy, and cell number in the pres-
ence of autophagy modulators reached a plateau (Figure 7D).

48 72
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FIGURE 5: A subpopulation of cells with higher P2x7 levels was eliminated by ATP. (A) P2x7
protein expression analyzed by Western blot in SiHa cells that remain attached to the plate after
treatment for 24, 48, and 72 h with 5 mM ATP and (B) after recovery with medium for 4 d. Note
that expression of P2x7 is lower in an ATP-resistant subpopulation. C, control (no treatment); T,
treatment with 5 mM ATP. *p < 0.05 vs. respective control (one-way ANOVA, followed by

Tukey's test).

DISCUSSION
Among several receptors that comprise the purinergic system, the
P2x7 subtype is implicated in terminal differentiation and apoptosis
of stratified squamous epithelium and therefore has a special role in
the control of cell death (Burnstock et al., 2012). In human cervical
epithelial cells, P2x7 activation by extracellular ATP culminates in
pore opening, calcium influx, high cytosolic calcium, and apoptosis
induction through the mitochondrial pathway (Wang et al., 2004).
When cervical cancer cells were exposed to high extracellular ATP,
phenotypic features of apoptosis, such as cell shrinkage, membrane
blebbing, and phosphatidylserine externalization, were found. How-
ever, in contrast to normal cervical epithelial cells, the induction of
SiHa cell death by ATP, but not the nondegradable variants of ATP,
did not occur by calcium influx and caspase activation. These data
indicate that a caspase-independent mechanism could be involved
in ATP-induced SiHa cell death. Recently Bian et al. (2013) described
a new pathway for an antitumor effect of ATP on MCA38 colon can-
cer cells and on B16/F10 melanoma, which involves P2x7 activation
and concurrent blockage of mTOR signaling through AMPK-PRAS40
and PI3K/AKT pathways, culminating in autophagy induction and
cell death in a caspase- independent way. However, our data do not
support such a major role for P2x7 in cervical cancer cell death. A
pharmacological approach using oATP or P2x7silencing suppressed
only 20% of the ATP-induced toxicity. Indeed, analyses of P2x7 lev-
els in adherent cells that survived ATP cytotoxicity showed that only
cells that expressed high levels of P2x7 were eliminated.

These data suggested that ATP could be acting also by produc-
ing a cytotoxic metabolite. Among ATP metabolites, extracellular
adenosine exerted a cytotoxic effect in human epithelial cancer
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48h
Treatment

72h .
Similar to our data, all of these effects were

blocked by DIP, indicating that adenosine
uptake was a key for apoptosis induction.
Our work, however, also found a contribu-
tion of autophagy to SiHa cell death. This
process seems to be important for ATP tox-
icity, since the increase of AO-positive cells
strongly correlated with cell death after
24 h of treatment. However, the proau-
tophagic effect of ATP was almost totally inhibited by DIP, indicat-
ing that this effect was mediated by adenosine uptake and not
through P2x7 activation, as previously described in murine colon
cancer cells and mouse melanoma cancer cells (Bian et al., 2013).

Other evidence also suggests that adenosine is the main player
responsible for ATP cytotoxicity, including the fact that extracellular
AMP, which is not a ligand of any P2 receptors, also promotes cell
death, indicating a role for adenosine formed from AMP degrada-
tion by 5 -nucleotidase on apoptosis induction (Wen and Knowles,
2003). Of importance, ATP and ADP can also be metabolized by
ectonucleotidases at the cell surface of SiHa cells and generate ad-
enosine (Beckenkamp et al., 2014). Further evidence comes from
our finding that after 72 h of treatment, DIP alone was able to inhibit
~80% of ATP-induced cell number reduction and block all ATP cyto-
toxicity in P2x7 KD cells. Additional evidence is provided by the fact
that the adenosine metabolites inosine and hypoxanthine, although
reaching high levels in extracellular medium and being transported
into the cell by ENTs (Baldwin et al., 2004), did not induce cell death,
since preliminary data indicate a positive effect of inosine on prolif-
erative but not cell death (unpublished data). Indeed, both inosine
and hypoxanthine have been described as protective agents against
cytotoxic compounds and hypoxic injury in normal and cancer cells
(Obajimi and Melera, 2008; Ma et al., 2011).

Increased intracellular levels of inosine and dATP after ATP expo-
sure, which were blocked by DIP pretreatment, further support the
entrance of adenosine into the cell. Accumulated dATP has been
associated with accumulation of DNA strand breaks, activation of
P53, and induction of apoptosis in lymphocytes (Joachims et al.,
2008; Johnston, 2011). Adenosine may promote cell death by
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FIGURE 6: Adenosine uptake and conversion to AMP by adenosine kinase is the major mechanism of toxicity triggered
by extracellular ATP in SiHa cells. (A) Extracellular ATP hydrolysis and product formation in SiHa cell line. Cells were
incubated with 5 mM ATP, and levels of nucleotides in cell medium were analyzed by HPLC after treatment times of 0,
24, 48, and 72 h. A control without ATP was done for basal determination of nucleotides released by cells (Supplemental
Table S1). ATP, ADP, AMP, adenosine (ADO), inosine (INO), and hypoxanthine (HYPO) contents in reaction medium were
represented by exogenous (added) plus endogenous (secreted) purinergic compound as mean (nanomoles) + SD.

(B) Effect of ATP metabolites on SiHa cell death. Cells were incubated with different concentrations of ADP, AMP, and
adenosine for 24 h, and the number of viable cells was determined as described in Materials and Methods. *p < 0,05
compared with control (one-way ANOVA, followed by Tukey’s test). (C, D) Dipyridamole blockage of 5 mM ATP induces
cell death by inhibiting extracellular adenosine uptake. SiHa cells were exposed to 10 pM dipyridamole alone or for

30 min, and then 5 mM ATP was added for 24, 48, and 72 h. (C) Number of viable cells after treatment. *p < 0.05
compared with control (two-way ANOVA, followed by Bonferroni posttest). (D) Apoptosis and necrosis index according
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inducing an imbalance in deoxynucleotide triphosphate pools. Fur-
thermore, we did not observe a correlation between P2x7 mRNA
levels and ATP sensitivity, whereas adenosine and ATP sensitivity
were highly correlated, indicating a preponderant role of the latter
in relation to the former. Taken together, the evidence strongly sug-
gests that adenosine formed from ATP metabolism, and not ATP
itself, is the main agent responsible for SiHa cell death, contrary to
what others found in other cell types (Wang et al., 2004; Feng et al.,
2011; Di Virgilio, 2012; Bian et al., 2013). Moreover, it seems that
chronic exposure to micromolar levels of adenosine (100-200 pM) is
a requirement for significant induction of cell death, in contrast to
acute exposure, which requires millimolar levels. In both treatments,
cells are exposed to a much higher concentration of adenosine than
the amount found in the intracellular space (~10 nM; Kloor et al.,
2000). Wen and Knowles (2003) had already described a role for
extracellular adenosine formed from ATP in a human hepatoma cell
line death. However, in contrast to our result, they found that extra-
cellular adenosine induced cell apoptosis via the A3 adenosine
receptor. In our case, activation of the A3 receptor in cell death is
unlikely, since DIP inhibited almost all cell death, and the SiHa cell
line showed very low levels of A3 mRNA (unpublished data).

We propose that human cervical cancer cells comprise a hetero-
geneous population that responds differently to extracellular ATP
toxicity according to the level of P2x7 receptor present in the cell
membrane. Our hypothesis is that ATP per se is responsible for the
elimination of a small subpopulation of cells (~20%) that express a
high level of P2x7 and are killed through P2x7 activation, whereas
adenosine acts in the remaining subpopulation, which is ATP resis-
tant, expresses low levels of P2x7, and dies through adenosine up-
take, AMPK phosphorylation, dATP accumulation, p53 activation,
and autophagy induction (Figure 8). Thus cooperation among ATP
and its metabolites seems to be important for cytotoxicity, with ad-
enosine being necessary, but not sufficient, to induce cell death in
the whole population of cells, which is of fundamental importance in
cancer therapeutics. In conclusion, here we shed light on how cervi-
cal cancer cells respond to high extracellular ATP, which is a context
commonly present in solid tumors and can be exploited to improve
our understanding of tumor biology, as well as to increase therapy
efficiency and overcome cell resistance.

MATERIALS AND METHODS

Reagents

Reagents, ATP, ADP, AMP, adenosine, BzATP, oATP, ATPyS, DIP,
3MA, BAF, RAPA, and AO were purchased from Sigma-Aldrich (St.
Louis, MO). ABT-702, annexin V, and propidium iodide were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). The pan
caspase inhibitor zAsp-CH2-DCB (zAsp; Peptide Institute, Tokyo,
Japan) was kindly provided by Fabiana Horn (UFRGS) and dis-
solved in dimethyl sulfoxide (DMSO; Acros Organics).

Cell culture
Three cervical carcinoma cell lines, SiHa, Hela, and C33A (American
Type Culture Collection, Rockville, MD), were used in this study. SiHa

cells contain integrated HPV 16; Hela cells carry integrated HPV 18;
and C33A cells are HPV negative and contain mutant p53. All culture
materials were purchased from Gibco Laboratories (Grand Island,
NY). Cervical carcinoma cell lines were maintained in culture flask in
low-glucose DMEM supplemented with 10% fetal bovine serum at
37°Cin a 5% CO; atmosphere at 100% humidity. The spontaneously
immortalized human epithelial cell line HaCaT was maintained at the
same conditions but cultured with high-glucose DMEM.

Cell viability

Cell viability was assessed using the methylthiazolyltetrazolium
bromide (MTT) assay. Cell lines (3500 cells/well) were seeded on
96-well multiwell plates, grown for 72 h, and treated with different
concentration of ATP, ADP, AMP, and adenosine for 24 h at 37°C.
After treatment, cells were incubated for 3 h at 37°C in MTT solu-
tion (0.5 mg/ml MTT dissolved in Ca?*- and Mg?*-free buffer). For-
mazan crystals formed by tetrazolium cleavage were dissolved
with dimethyl sulfoxide (DMSO) and quantified at 570 and 630 nm
using an EnVision Multilabel Plate Reader (PerkinElmer, Waltham,
MA). Negative controls were made with DMEM supplemented
with 10% fetal bovine serum (FBS). Results are expressed as per-
centage of control.

Cell counting

Cell lines (20,000 cells/well) were seeded on 24-well multiwell plates
and treated with 5 mM ATP for 24, 48, and 72 h or with different
concentrations of ADP, AMP, and adenosine for 24 h. At the end
of treatment, the medium was removed, cells were washed with
1x PBS, and 200 pl of 0.25% trypsin/EDTA was added to detach the
cells, which were counted in a hemocytometer (number of viable
cells not marked by trypan blue). Negative controls were made with
DMEM supplemented with 10% FBS. Results are expressed as per-
centage of control.

Clonogenic survival assays

Cells were assayed for the cytotoxic effect of ATP after cell survival
according to established methods of performing the clonogenic
assay (Franken et al., 2006). Subconfluent cultures were exposed to
5 mM ATP for 24, 48, and 72 h. Then the surviving adherent cells
were washed with PBS preheated to 37°C, trypsinized, counted, and
replated in six-well plates (100 cells/well). After 12 d of incubation in
complete culture medium, the colonies formed from each cell
plated were stained with crystal violet after fixation with methanol
and counted manually. In each case results are expressed as survival
fraction, which was obtained by dividing the number of colonies
that arise after treatment of cells by the number of cells seeded and
plate efficiency (PE: number of colonies formed by untreated cells/
number of cells seeded), multiplied by 100.

LDH activity measurement

Loss of membrane integrity was measured through LDH release.
SiHa cells (20,000 cells/well) were seeded on 24-well multiwell plates
and treated with 5 mM ATP for 24, 48, and 72 h. After cell medium

to annexin V/IP stain. Images were taken from SiHa cell line after the foregoing treatments. Cell nuclei were stained with
Hoescht 35565665 according to manufacturer’s instruction. Note the extinction of apoptotic features such as cell
shrinkage and blebbing and fragmented nuclei when cells were treated with ATP only (Figure 2C). *p < 0.05 compared
with dipyridamole alone (two-way ANOVA, followed by Bonferroni posttest). (E) Adenosine kinase inhibitor (ABT-702)
blockage of 5 mM ATP induces cell death by inhibiting intracellularly transported adenosine phosphorylation and
conversion to AMP. SiHa cells were exposed to 100 nM ABT-702 for 30 min and followed or not by 5 mM ATP for 48 and
72 h. ABT-702, 100 nM, was replaced each 24 h. Top, number of viable cells after treatment. *p < 0.05 compared with
control (two-way ANOVA, followed by Bonferroni posttest). Bottom, apoptosis and necrosis index according to annexin
V/IP stain and representative images of SiHa cells after foregoing treatments. Scale bars, 20 pm; magnification, 20x.
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FIGURE 7: Adenosine uptake triggers AMPK phosphoactivation, p53 increase, and cytotoxic autophagy in SiHa cells.
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72 h with or without 10 pM DIP pretreatment, determined by Western blot analysis as described in Materials and
Methods. (C) Effect of the class Il autophagy inhibitors 3MA and BAF and autophagy stimulator RAPA on AO staining
after 48 h of ATP exposure. SiHa cells were pretreated with 2 mM 3MA, 100 nM BAF, or 200 nM RAPA before ATP
treatment, and autophagy index was determined by AO staining as described in Materials and Methods. (D) Top,
percentage of AO-positive cells after ATP exposure before or not to autophagy inhibitors or stimulator. Bottom, number
of viable cells after treatment. Note that treatments that increased autophagy induced a reduction in cell number (see
also Supplemental Figure S4). *p <0.05 compared with treatments without ATP; #p < 0.05 compared with control
(two-way ANOVA, followed by Bonferroni posttest).
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FIGURE 8: Schematic illustration of how adenosine uptake induces SiHa cervical tumor cell death in response to high

levels of extracellular ATP. (A) A small subpopulation that expresses high levels of P2x7 died after being exposed to high
levels of extracellular ATP via P2x7 activation by an unknown intracellular mechanism. The P2x7 antagonist oATP and
receptor knockdown partially blocked ATP-induced cell death. (B) A major subpopulation of cells that express low levels
of P2x7 died after being exposed to ATP metabolites such as ADP, AMP, adenosine, inosine, and hypoxanthine. In these
cells, adenosine is taken up and partially converted to inosine through adenosine deaminase (ADA) activity.
Concomitantly, adenosine is also phosphorylated to AMP by adenosine kinase (ADK), which leads to dATP accumulation,

AMPK phosphorylation, p53 activation, autophagy induction, and finally cell death through apoptosis. Dipyridamole
(DIP), an adenosine transporter inhibitor, and ABT-702, an adenosine kinase inhibitor, completely blocked cell death
induction by these pathways. —, stimulation; -, inhibition. ADO, adenosine; ADP, adenosine 5-diphosphate; AMP,
adenosine 5-monophosphate; ATP, adenosine 5"-triphosphate; dADP, deoxyadenosine 5™-diphosphate; dATP,

deoxyadenosine 5 -triphospate; HYPO, hypoxanthine; INO, inosine.

was withdrawn, transferred to a microtube on ice, and centrifuged
for 1 min at 10,000 rpm, an aliquot of the supernatant was used for
enzymatic assay using an LDH kit from Labtest Diagnostica (Minas
Gerais, Brazil). Results are expressed as percentage of 0.5% Triton
X-100-induced LDH release.

Annexin V and propidium iodide staining

Phosphatidylserine externalization was determined by the annexin
fluorescence signal of an annexin V-fluorescein isothiocyanate
conjugate (Santa Cruz Biotechnology, Inc, Santa Cruz, CA) accord-
ing to the manufacturer’s protocol. Cell cultures were treated,
trypsinized, and centrifuged for 6 min at 1600 rpm, and the super-
natant was discarded. The pellet was suspended with 150 pl of
annexin binding buffer (10 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid, pH 7.4, 140 mM NaCl, 2.5 mM CaCly), in-
cubated with annexin V at 0.75 pl/sample and Pl at 15 pl/sample for
15 min at room temperature in the dark, and analyzed on a Guava
EasyCyte flow cytometer, using Guava EasyCyte software for analy-
sis (Millipore, Billerica, MA). Cisplatin, 40 pM, was used as positive
control for apoptosis, and 0.5% Triton X-100 was used as a positive
control for necrosis.
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Analysis of intracellular and extracellular ATP metabolism by
high-performance liquid chromatography

For extracellular ATP metabolism analysis, SiHa cells (20,000 cells/
well) were seeded on 24-well multiwell plates and treated with 5 mM
ATP for 24, 48, and 72 h after or not with10 pM DIP pretreatment.
After the incubation time, the reaction medium was withdrawn and
transferred to a microtube on ice, followed by centrifugation for
1 min at 10,000 rpm, supernatant dilution, and high-performance
liquid chromatography (HPLC) analysis. The results are expressed as
total amount of the different compounds (nanomoles), represented
by the exogenous (added and extracellularly metabolized) plus en-
dogenous (secreted) purinergic compounds, in the respective incu-
bation time. The control for cellular purine secretion was done by
growing cells in complete medium (DMEM plus 10% FBS) for 24, 48,
and 72 h; very low levels of purinergic compounds were found in the
extracellular medium (Supplemental Table S1).

For analysis of intracellular nucleoside triphosphate levels, SiHa
cells (96,000 cells/well) were seeded on six-well multiwell plates and
treated as described. All extraction steps were performed on ice, as
described by Huang et al. (2003). The resulting supernatant was
stored at —80°C until HPLC analyses. The intracellular concentration
2915
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of each nucleotide was normalized by the number of viable cells in
the sample and is expressed as nanomoles/10° cells.

For HPLC analysis, 40-ul aliquots were applied to a reversed-
phase HPLC system (Shimadzu, Japan) using a 15-cm Cyg Resteck
column at 260 nm with a mobile phase containing 60 mM KH,PO,
(Sigma-Aldrich) and 5 mM tetrabutylammonium chloride (Sigma-
Aldrich), pH 6.0, in 30% methanol according to a previously de-
scribed method (Casali et al., 2003). All peaks were identified by
retention time and comparison with standards. All incubations were
carried out in triplicate, and controls to correct for nonenzymatic
hydrolysis of nucleotides were done by measuring the peaks pres-
ent in the same reaction medium incubated without cells.

Pharmacological profile assays

To test whether ATP-induced cell death involves P2x7 activation, we
evaluated the effect of agonists and antagonists of this receptor. We
seeded SiHa cells (20,000 cells/well) on 24-well multiwell plates and
treated them as indicated. For the BzATP dose-response curve, we
treated SiHa cells with 50, 100, 150, and 300 mM BzATP for 24 h.
The effect of adenosine 5’-O-(3 thiotriphosphate) (ATPYS), a nonhy-
drolyzed P2 agonist, was determined by treating cells with 300 uM
ATPYS for 24 h. For blockage of ATP-induced cell death, cells were
previously treated with 300 and 600 mM oATP, a nonspecific P2x7
antagonist, for 2 h. After this time of incubation, cells were treated
with 5 mM ATP for 24 h. At the end of all treatments, the viable cells
were counted as described.

To test whether ATP was degraded and extracellular adenosine
uptake was responsible for apoptosis induction, SiHa cells were pre-
treated with 10 pM DIP for 30 min before addition of 5 mM ATP for
24, 48, and 72 h. At the end of treatment, the viable cells were
counted, and apoptosis status was determined by annexin V/IP
staining as described. In addition, we investigated the effect of ad-
enosine kinase inhibition on the induction of apoptosis. For this,
SiHa cells were pretreated with 100 nM 4-amino-5-(3-bromophenyl)-
7-(6-morpholino-pyridin-3-yl)pyrido[2,3-d]pyrimidine  (ABT-702), a
cell-permeable, adenosine-competitive and reversible adenosine
kinase inhibitor, for 30 min, followed by the addition of 5 mM ATP for
48 and 72 h. ABT-702 was replaced every 24 h, and the number of
viable cells and apoptosis status were determined after 48 and 72 h
as described.

To verify that the mechanism that triggered apoptosis in SiHa
cells after ATP exposure was P2x7 pore formation followed by in-
crease of intracellular free calcium ions and caspase activation, we
exposed subconfluent cultures to 0.6 mM EGTA, a calcium-chelat-
ing agent, or 50 pM zAsp, a pancaspase inhibitor, for 30 min. Then
we treated cells with 5 mM ATP for 48 h, 100 uM BzATP for 24 h, or
300 uM ATPyS for 24 h, followed by cell number determination,
phenotype observation, and annexin V/IP assay, as described.

Real-time PCR

Total RNA from SiHa, Hela, C33A, and HaCaT cell lines was
isolated with the RNA Mini Kit (Qiagen, Hilden, Germany) in accor-
dance with the manufacturer’s instructions. The cDNA species were
synthesized with Super-Script Il (Life Technologies, Carlsbad, CA)
from 5 pg of total RNA in a total volume of 20 pl with both oligo (dT)
primer and random hexamers in accordance with the manufacturer’s
instructions. SYRB Green I-based real-time PCR was carried out on a
MJ Research DNA Engine Opticon Continuous Fluorescence Detec-
tion System (MJ Research, Waltham, MA), as described (Zerbini
et al., 2003). All PCR mixtures contained PCR buffer (final concentra-
tion; 10 mM Tris-HCI, pH 9.0, 50 mM KCl, 2.0 mM MgCl,, and 0.1%
Triton X-100), 250 pM deoxy-NTP (Roche Molecular Biochemicals,
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Penzberg, Upper Bavaria, Germany), 0.5 pM of each PCR primer in-
dicated later, 0.5x SYBR Green | (Molecular Probes, Eugene, OR), 5%
DMSO, and 1 U of tag DNA polymerase (Promega, Madison, WI)
with 2 pl of cDNA in a 25-pl final volume reaction mix. The samples
were loaded onto wells of Low Profile 96-well microplates. After an
initial denaturation step for 1 min at 94°C, conditions for cycling
were 35 cycles of 30 s at 94°C, 30 s at 56°C, and 1 min at 72°C. The
fluorescence signal was measured right after incubation for 5 s at
79°C after the extension step, which eliminates possible primer di-
mer detection. At the end of the PCR cycles, a melting curve was
generated to identify specificity for the PCR product. For each run,
serial dilutions of human glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) plasmids were used as standards for quantitative
measurement of the amount of amplified DNA. In addition, for nor-
malization of each sample, human GAPDH primers were used to
measure the amount of GAPDH cDNA. All samples were run in trip-
licate, and the data are presented as the ratio cDNA/GAPDH. For
human GAPDH, the primers used were as follows: sense primer,
5-CAAAGTTGTCATGGATGACC-3', and antisense primer, 5-CCAT-
GGAGAAGGCTGGGG-3". For P2x7, the primers used were as fol-
lows: sense primer, 5- AAA AGC CGG GGG CCT GCA TC-3’, and
antisense primer, 5-GCA GCT GGG CAG GAT GGC AA-3". Oligo-
nucleotides were obtained from Invitrogen.

Western blot analysis

Cell cultures were washed twice with cold PBS and homogenized in
lysis buffer (4% SDS, 2.1 mM EDTA, and 50 mM Tris). Aliquots were
taken for protein determination (Peterson, 1983), and B-
mercaptoethanol was added to a final concentration of 5%. Thirty
micrograms of protein was separated on 12% SDS-PAGE (Bio-Rad,
Hercules, CA) and electrotransferred to polyvinylidene fluoride
(PVDF) membranes. Membranes were blocked with 5% M-TTBS
(5% milk in Tween-20 in Tris-buffered saline [TTBS]) and further incu-
bated with anti-P2x7 antibody (1:500; Santa Cruz Biotechnology),
anti-Bcl2 (1:1000), anti-pAMPK (1:1000), anti-cleaved PARP (1:1000),
anti-p62 (1:1000), anti-p53 (1:1000), and anti-LC3II (1:1000; Cell Sig-
naling, Danvers, MA), diluted in TTBS, at room temperature. The
membranes were then incubated with horseradish peroxidase—con-
jugated secondary antibody (1:2000) for 2 h at room temperature,
and chemiluminescence was detected using x-ray films (X-Omat;
Kodak, Rochester, NY). The films were scanned, and the percentage
of band intensity was analyzed using ImageJ (National Institutes of
Health, Bethesda, MD).

P2x7 knockdown

Human P2RX7 (GenelD 18439) was knocked down by transduc-
tion of SiHa cells with lentivirus produced with the plasmid clone
ID NM_002562.4-801s1c1 from the Mission RNAI library from
Sigma-Aldrich. Nontarget (SHC001) sequence was used as a
control. Lentiviruses were produced by cotransfecting the Mis-
sion RNAI plasmid with the helper plasmids pRSVREV, pVSV-G,
and pMDLgRRE (Dull et al., 1998) in subconfluent Hek293T cells
with Superfect Reagent (Qiagen), according to the manufacture’s
protocol. Three days after transfection, supernatant was col-
lected twice every day for 1 wk, filtered through a 0.22-mm
membrane, and used immediately or stored at —80°C. We added
1 ml of virus-containing medium to target cells, also at subcon-
fluent stage (12,000 cells/well) in 24-well plates, together with
8 pg/ml Polybrene overnight. Cells were allowed 48 h to express
the selection marker and were then selected with 3 pg/ml puro-
mycin for at least 10 d. Knockdown was confirmed by Western
blotting.
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Quantification of acidic vacuolar organelles by AO staining
The fluorescent dye AO is a marker of AVOs (acidic vacuolar organ-
elles) that fluoresces green in the whole cell except in acidic com-
partments (mainly late autophagosomes), where it fluoresces red.
AVO formation is a typical feature of autophagy, and its develop-
ment indicates autophagosomes maturation and an efficient au-
tophagic process, since only mature/late autophagosomes are
acidic (Klionsky et al., 2008). For AVO determination, cells (20,000
cells/well) were seeded on 24-well multiwell plates and exposed to
autophagy inhibitors or inducers. Cells were treated with 2 mM
3MA, a blocker of autophagosome formation, for 1 h; 100 nM BAF,
an inhibitor of the late phase of autophagy, for 24 h; or 200 nM
RAPA, an autophagy inducer, for 24 h before ATP treatment. After
the incubation time, medium was replaced and 5 mM ATP was
added for 24 or 48 h. Then cells were trypsinized and incubated with
AO (2.7 mM) for 15 min at room temperature, and fluorescence
emission was analyzed by flow cytometry, as described previously
(Jiang et al., 2009), using a Guava flow cytometer and Guava
Cytosoft.

Statistical analysis

Statistical analysis was performed with Prism 5 (GraphPad, La Jolla,
CA). Data are expressed as percentage of control and presented as
mean * SD of at least three independent experiments. Statistical
analyses for comparison among multiple groups were performed by
one-way analysis of variance (ANOVA), followed by a Turkey post-
hoc test. When more than one molecule was mixed to the same well
at the same time, a two-way ANOVA was performed, followed by a
Bonferroni posttest. Values were considered significant at p < 0.05.
Correlation coefficients were calculated using the CORREL function
of Excel 2013 (Microsoft, Redmond, WA).
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