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Abstract Purinergic signal transduction mechanisms have
been appreciated as a complex intercellular signalling
network that plays an important regulatory role in both
short- and long-term processes in practically every living
cell. One of the most intriguing aspects of the field is the
participation of ATP and other purine nucleotides in the
determination of cell fate and the way they direct cells
towards proliferation, differentiation or apoptosis, thereby
possibly taking part in promoting or preventing malignant
transformation. In this review, following a very brief
introduction to the historical aspects of purinergic signal-
ling and a concise overview of the structure of and signal
transduction pathways coupled to P2 purinergic receptors,
the current theories concerning the possible ways how
extracellular ATP can alter the function of tumour cells and
the effectiveness of anticancer therapies are discussed,
including pharmacological, nutritional, vasoactive and
‘anti-antioxidant’ actions of the nucleotide. The effects of
ATP on animals inoculated with human tumours and on
patients with cancer are looked over next, and then an
overview of the literature regarding the expression and
presumed functions of P2 purinoceptors on tumour cells in
vitro is presented, sorted out according to the relevant
special clinical fields. The article is closed by reviewing the
latest developments in the diagnostic use of P2 purinergic
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Abbreviations
ATP adenosine 5'-triphosphate

ADP adenosine 5’-diphosphate
AMP adenosine 5’-monophosphate
PLC phospholipase C

1P3 inositol 1,4,5-trisphosphate
AC adenylate cyclase

cAMP  cyclic adenosine monophosphate
PKA protein kinase A

PCR polymerase chain reaction
mRNA messenger ribonucleic acid

UTP uridine 5'-triphosphate

IL interleukin

TNF tumour necrosis factor

PSA prostate specific antigen

AML  acute myelogenous leukaemia
ALL acute lymphoblastic leukaemia
CML chronic myelogenous leukaemia
MDS myelodysplastic syndrome
RyR2  ryanodine receptor type 2
Introduction

Simultaneously or one after the other, three significant
independent functions of adenine compounds have been
developed in living cells early in the course of evolution:
containing high-energy phosphate groups, adenine com-
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pounds have become the major energy stores of cells; as
part of adenine nucleotides, they have contributed to the
structure of nucleic acids; and as recognized for over three
decades, they have served as intercellular signalling
molecules. Although as early as 1929, Drury and Szent-
Gyorgyi reported the potent effects of extracellular adeno-
sine compounds on the mammalian heart [1], it was not
until the late 1950s and early 1960s that the first studies of
ATP as a possible neurotransmitter came to light [2, 3].
After a further decade of investigation of non-adrenergic,
non-cholinergic (NANC) neurotransmission, the first com-
prehensive model of storage, release and action on
receptors of ATP during purinergic signal transmission
was created by Burnstock [4]. The terms ‘P1’ and‘P2
purinoreceptors’ were coined in 1978 [5] and the latter
group of cell surface receptors was later subdivided into the
ionotropic P2X and the metabotropic P2Y subtypes [6].

Availability of ATP

Although the concentration of extracellular ATP can be
increased artificially by giving ATP infusions to a patient,
the logical question that arises is if there are natural ligands
of purinergic receptors that can activate the purinoceptors
on tumour cells in vivo, and how these ligands can be
released into the extracellular space. ATP, UTP and UDP-
glucose, each being an agonist on different purinergic
receptor subtypes, can be released from tumour cells of
neuronal and non-neuronal origin, like glioma or astrocy-
toma cells [7]. It has also been shown that a short stress
caused by hypotonic saline induces ATP release from colon
cancer cells and this ATP contributes to tumour cell death
as an autocrine and paracrine agent [8]. This may play a
role in the killing of remaining cancer cells achieved by the
washing of the abdominal cavity with distilled water, a
method used intraoperatively by surgeons. Purine nucleo-
tides can, furthermore, be released from the cytosol of
disintegrating necrotic cells, which are always present in
the centre of undervascularized, fast-growing tumours.
Moreover, tumour cells contain an increased amount of
UTP [9], which underlines the importance of P2Y, and
P2Y, receptors on the surface of tumour cells, as UTP is a
more effective agonist on these purinoreceptor subtypes
than ATP.

When ATP appears in the extracellular space in one of
the above-mentioned ways, it is quickly broken down by a
family of enzymes called ectonucleotidases (ectonucleoside
triphosphate diphosphohydrolases, ectonucleotide pyro-
phosphatases/phosphodiesterases, ecto-5'-nucleotidases, al-
kaline phosphatases, and ectonucleoside diphosphokinases;
for review, see Zimmermann [10]). Most papers focus on
expressional and/or functional changes of purinergic sig-
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nalling in tumours from the aspect of receptors, whereas
degrading enzymes of extracellular nucleotides are much
less investigated, even though enhancement or suppression
of this signalling pathway is equally possible by modifying
the activity of the latter. A recent paper by Bavaresco and
colleagues supports this idea, inasmuch as they have shown
that the beneficial effect of dexamethasone in malignant
glioma is at least partly due to the inhibition of the
proliferation of C6 rat glioma cells, which may well be
the result of the increased expression and activity of ecto-
5'-nucleotidase/CD73, an enzyme responsible for the
breakdown of ATP and the formation of adenosine, both
known to modulate proliferation [11]. An increased
expression of the ectonucleotidases CD39 and CD39L1
(accompanied by the upregulation of P2X;, P2Y,, and
P2Y¢ receptors) was also reported in pancreatic cancer
tissues and, moreover, high tissue mRNA levels of CD39
significantly correlated with better long-term survival after
tumour resection in patients with pancreatic cancer, under-
lining the importance of these enzymes [12]. A recent paper
of the same group demonstrates that deletion of CD39 in
mice results in abrogation of angiogenesis, causing de-
creased growth of implanted tumours and inhibiting
development of pulmonary metastases [13].

As also implied in the previous paragraph, one of the
greatest uncertainties as far as the mode of action of ATP in
living organisms is concerned is the rapid breakdown of
ATP to ADP, AMP and finally adenosine. One must always
bear in mind when discussing the pro- or antitumour effects
of ATP, that to a (mostly unknown) extent, adenosine can
certainly be responsible for the observed effect as it is also
known to take part in tumour genesis via P1 receptors [14]
(see also Fig. 1).

P2 Purinergic Receptors—Structure and Signal
Transduction

P2X receptors are created by the homo- or heteromultime-
rization of three to six subunits of the P2X,_5 subunits, thus
there are seven types of homomeric P2X purinoceptors
[15]. The subunits consist of 384 to 595 amino acids that
form two transmembrane domains and an extracellular
loop, with the C- and N-terminals located intracellularly.
Following the binding of ATP to the extracellular binding
site, a non-selective cation channel that is more permeable
to Ca®* than to Na* is opened and the cell is depolarized
[16, 17]. The intracellular concentration of Ca®" is therefore
increased by the influx of Ca®” ions and as a result of
secondary mechanisms following depolarization (Fig. 1).
Some P2X receptors are distinct from other members of
this group in their signalling, which bears special relevance
to their participation in tumour formation (Fig. 1). Although
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Fig. 1 The effects of P2 receptor activation in tumours. (‘X 1|’ refers
to an increase or decrease, respectively, in the concentration or process
of X”). Here and in the subsequent figures the charasteristic bizarre,
anaplastic nucleus of the tumour cell is depicted as having an
amorphous shape

the significance of P2X5 channels being permeable also to
CI' anions is not clear yet [18], it is now generally accepted
that P2X; receptors play an important role in malignant
transformation of several different cell types as will be
shown below. This receptor subtype differs from other P2X
purinoceptors in that sustained presence of its agonist
induces the formation of a large pore in the cell membrane
permeable to molecules of up to 900 Da in molecular
weight. Besides, as part of a large signalling complex [19],
it activates and/or causes the release of numerous molecules
such as caspases (caspase-1 [20], caspase-3 [21], caspase-9
[22]), IL-13 [23], kinases and phosphatases [19, 24], partly
due to, but also independent of the increased intracellular
Ca*" level. The third group of effects that is initiated by the
activation of the receptor is the re-organization of cytoskel-
etal structures which are directly connected to the long
intracellular C-terminal ‘tail’ of the P2X; receptor through
«3-laminin, (2-integrin, (-actin, «-actinin etc. [16], a
process that leads to membrane blebbing [24]. P2X;
receptor activation followed by pore forming, enzyme
activation and cytoskeletal re-organization results in apo-
ptosis in several cell types (see below), rendering this
purinoceptor subtype a target in cancer research for over a
decade, initiated by the first reports of the apoptotic effect
of the P2Z, now termed P2X5 receptor [25].

P2Y receptors, on the other hand, are G protein coupled,
seven-transmembrane-domain metabotropic receptors of 308
to 377 amino acids [26]. So far eight mammalian P2Y
receptors have been cloned (P2Y;, P2Y,, P2Y,, P2Yy,
P2Y11, P2Y12, P2Y13, P2Y14) [27, 28] The Subtypes that
were recognized earliest (P2Y,, P2Y,, P2Y,4, P2Yy) are
coupled to G, proteins, activate the phospholipase C (PLC)-
inositol 1,4,5-trisphosphate (IP3) signalling pathway and
finally release Ca*" from the intracellular stores (Fig. 1).
Besides this signalling mechanism, the other four subtypes
also activate (P2Y,;) [26] or inactivate (P2Y;,, P2Y;3,
P2Y4) [29, 30] adenylate cyclase via G, and G; proteins,
respectively, and the alterations in the cAMP level of the
cytoplasm modify the activity of protein kinase A (PKA).

Purinergic receptors are widely distributed [26] and
usually more than one subtype can be found on a cell,
although the density of a given subtype and the combina-
tion of the subtypes varies between tissues as well as the
stage of differentiation, as, for instance, demonstrated by
work from our laboratory in the case of skeletal muscle [31,
32]. The diversity of purinergic signalling manifests itself
in an array of short-term (e.g. neurotransmission, thrombo-
cyte aggregation, nociception etc.) and long-term (e.g.
malignant transformation, inflammation, bone resorption,
atherosclerosis etc., all via the modification of proliferation,
differentiation and apoptosis) effects, reviewed for example
by Burnstock [33].

ATP and Tumours—Mode of Action

The effect of ATP on in vitro and in vivo tumour growth
was first studied in an animal model by Rapaport in the
1980s [34-36]. Since then clinical trials have also been
conducted to test the effect of ATP infusions on patients
with cancer (detailed below). Besides, primary tumour cells
and cell lines have been tested, too, to prove the presence
and in most cases the functioning of purinergic receptors.
Despite the fact that purinergic signalling has been studied
extensively, the possible anticancer action of ATP should
not at all be simplified to this nucleotide acting as an
agonist on the members of the purinoreceptor family
located in the cell surface membrane.

Pharmacological Effects of ATP Through Dysfunctional
or Mislocated Purinergic Receptors

Besides the usual effects exerted through normal purinergic
receptors in their typical location detailed in the previous
section, dysfunctional P2 receptor proteins may also appear
in malignantly transformed cells (Fig. 2), leading to false
conclusions if only purinoceptor mRNA or protein expres-
sion levels are tested, for example by PCR or immunocyto-
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Fig. 2 Dysfunctional or mislocated purinergic receptors in tumour
cells. For explanation see text

or -histochemistry. The frequency of the loss-of-function
mutant allele A1513C of the P2X; receptor is three-fold
greater in patients with chronic lymphocytic leukaemia than
in controls [37]. It was also demonstrated, that even though
the expression of the P2X; receptor is higher in several
types of leukaemia, certain P2X; positive cell lines (J6-1,
Namalwa, and LCL-H) fail to display the characteristic
functions of this receptor [38]. Sometimes, however, no
mutation of the purinergic receptor is found and yet it
shows unique characteristics in tumour cells, as we have
found in the case of the P2X; receptor in melanoma cell
lines [39]. We have demonstrated that the overexpression of
another protein, namely the type 2 ryanodine receptor,
modified the function of the purinoceptor and turned it into
an antiapoptotic device supposedly through the formation
of a functional molecular complex. Similarly, the function
of the normal P2X; subunit may be altered by ‘auto-hetero-
oligomerization’ with the naturally occurring truncated
form of the protein that fails to form pores and mediate
apoptosis and is upregulated in epithelial cervical cancer
cells [40]. Finally, abnormal localization may also cause an
altered function of purinergic receptors in tumour cells.
Besides localization in the surface membrane, the P2X,
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receptor protein has been demonstrated in the nucleus of
melanoma cells [39] and P2Y,, P2Y, and P2Y, receptors
in the mitochondria of glioma cells [41], though the
functions of these receptors in these subcellular locations
are unclear.

Nutritional, Vascular and ‘Anti-antioxidant’ Effects of ATP

To make the situation even more complex, ATP can
influence cancer cells not only pharmacologically by way
of its specific cell surface receptors, but also nutritionally,
through its vascular effect, and also via depletion of the
antioxidant pool in cells (Fig. 3). The nutritional effect of
ATP means that the administration of the nucleotide is
known to expand the ATP pool of red blood cells [42, 43]
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Fig. 3 The function of ATP pools in tumour cells, healthy
parenchymal cells and red blood cells (‘A 1’ and ‘A |’ refer to an
increase or decrease in A, respectively. 7 denotes the death of the cell.
—>---+ denotes that the process indicated by the arrow is
inhibited by the increased ATP pool)
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and hepatocytes [43], which may be responsible for the
effects attributed to ATP. It is tempting to speculate, that
similar ATP pool expansion might occur in other cell types,
too—even in the tumour cells themselves. Considering the
fact that malignancies have long been associated with
increased glycolysis accompanied by impaired oxidative
metabolism and decreased availability of ATP [44],
supplementation of this molecule may in itself have an
antitumoural effect. The vascular aspect of ATP effect
originates from the observation of Baba and colleagues that
intracarotid administration of ATP selectively increased the
blood flow of RG-C6 tumours transplanted into rats,
suggesting that ATP might be useful in directing chemo-
therapeutic drugs towards brain tumour cells [45]. Finally,
ATP is known to deplete the glutathione pool in tumour
cells, thus making them more susceptible to therapeutically
applied oxidative stress induced by chemotherapeutic drugs
and/or irradiation [46, 47].

P2 Purinergic Receptors in Tumour Cells and Cell Lines
In Vitro

Table 1 summarizes our present knowledge of P2 receptor
expression and function in different tumour types, obtained
either from the pathological examination of surgical
biopsies, or from cultured primary cancer cells or immor-
talized tumour cell lines (references of this section are also
included in the table).

In epithelial lung cancer cells, P2 receptors mediate
controversial effects of ATP in the sense that both
proliferative and cytotoxic effects have been described.
Activation of these receptors seemingly supports the effect
of the chemotherapeutic drugs cisplatin and etoposide in the
cell lines tested.

The two types or brain tumours that have been
investigated to date demonstrate differences in their P2
receptor expression patterns (C6 glioma cells have
P2Y, 51, receptors, while neuroblastoma cells lack P2Y,
receptors but express a wide range of P2X receptors,
including P2X,), yet—looking at the effects of these
receptors in the table—one has the impression that both
tumour types benefit from the presence of purinergic
signalling through proliferation, stimulation of neurite
outgrowth and protection against serum deprivation). As
opposed to this, urological cancer types like bladder and
prostate carcinomas seem to be inhibited by the activation
of the P2 receptors, most of which do not differ from the
receptors found on brain tumour cells: anti-proliferative,
pro-apoptotic and pro-necrotic effects have been published
in several different cell types.

Uterine cervix and endometrium cancer cells express the
P2X receptor and it has a pro-apoptotic effect, but when

the truncated form of the receptor is present and forms
‘auto-hetero-oligomers’ with the wild-type receptor, the
effect of receptor activation is inverted and an anti-
apoptotic effect is seen in cervical cancer cells. Interesting-
ly, data gained on endometrial, ovarium and breast cancer
cells suggest, that the effect of the sole P2Y, receptor is
qualitatively the opposite as compared to when it is present
in combination with the P2Y, subtype, namely, an anti-
proliferative response of cells upon agonist administration
in the first as opposed to a pro-proliferative in the second
case. This does not seem to be the case in gastrointestinal
tract tumours, as the P2Y, receptor subtype has been found
to inhibit proliferation in both the absence (Kyse-140
oesophageal cancer cells) and the presence (colorectal
carcinoma cells) of the other P2U receptor. Both P2Y and
P2X receptors have been implicated in not only the
formation of tumours in, but also the chronic inflammation
of the pancreas.

Several leukemia types and cells from myelodysplastic
syndrome patients have also been examined. The P2X,
receptor seems to be active in these cells causing
cytoplasmic free Ca®" increase and PLD (phospholipase
D) activation, and exerting anti-proliferative effect, but in
leukemic cells mutant and loss-of-function P2X; receptors
have also been found.

In squamous cell carcinoma cells, three different types
of purinoceptors have been identified and in this case the
function of the individual subtypes has been determined,
too: P2Xs is responsible for differentiation, P2X- activation
causes apoptosis, while P2Y, agonists induce proliferation.
It is clear that the ratio of the different receptor subtypes
appearing on the cell surface and the amount of the more or
less specific agonists in the vicinity of the cells will
determine whether the tumour is able to grow or its cells
start dying. Melanoma malignum provides another example
for conflicting findings: agonists of the P2X; subtype have
been claimed both to promote and to inhibit apoptosis. This
controversy may be solved if we assume that the effect
exerted by the receptor is altered by the functional
interaction with another structure, in this case the type 2
ryanodine receptor that we found overexpressed.

After emphasizing some aspects in connection with
certain specific tumour types and looking at the effects of
P2 receptors in them, one would like to draw some
conclusions as far as the effect of the specific purinergic
receptors are concerned. However, one has to realize that
this is barely possible. On the one hand, the complexity of
the P2 receptor network is amazing and, on the other hand,
the effect of the activation of a given purinergic receptor
subtype is hard to foresee. The later depends on the tumour
type (see for example the effect of P2Y, receptors in Kyse-
140 oesophageal cancer cells and in OVCAR-3 ovarian
cancer cells), or often on the cell type within one type of
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Table 1 Expression and function of P2 purinergic receptors in various cancer tissues and cells

Special clinical Cancer type Reference Origin of cell (primary/cell line) P2 purinoceptor Effect of P2 receptor agonist
field
Pulmonology Epithelial lung [59] A549 cells P2Y2, P2Y6 Pro-proliferative; increased
cancer effectivity of cisplatin
[57] PC14, A549 cells P2? Cytotoxicity (PC14)
enhanced effect of
etoposide (PC14, A549)
Neurology Glioma [64] C6 cells P2Y1, P2Y12 PLC activation; adenylate
cylase inhibition
[65] C6 cells P2Y2, P2Y12 Pro-proliferative; defence
against serum deprivation
[41] C6 cells Mitochondrial P2Y1, ?
P2Y2, P2Y12
[66] C6 cells P2Y12 Pro-proliferative
[67] U87 MG, U251 MG, P2? Pro-proliferative
and U138 MG cells
Neuroblastoma [68] SH-SYSY cells P2X1, P2X2, P2X4, Induction of differentiation
P2X35, P2X6, P2X7, and cell death (P2Y4)
P2Y1, P2Y2, P2Y4,
P2Y6
[69] Neuro2a cells P2Y11 Stimulation of neurite
outgrowth
[70] Primary neuroblastoma tumour P2X7 No apoptosis induction;
samples; ACN, GI-ME-N, induction of proliferation;
HTLA-230, GI-CA-N, LAN-5, substance P release
LAN-1, SK-N-BE-2, and SH-
SYS5Y human neuroblastoma
cell lines
Urology Transitional cell [58] HT-1376 cells P2X4, P2X5, P2Y11 Anti-proliferative
cancer of [49] HT-1376 cells P2X5, P2Y11 Anti-proliferative, pro-
bladder apoptotic, pro-necrotic
Prostate [71] LNCaP, PC-3, DU145 cells P2Y1, P2Y2, P2Y6, Anti-proliferative (ATP);
carcinoma P2Y11, P2X4, pro-apoptotic (BzATP)
P2X35, P2X7 (not
every subtype in
every cell type)
[72] PC-3 cells P2X3, P2X5 P2X7, Anti-proliferative; pro-
P2Y2 apoptotic
[62] Primary prostate tumour samples P2X7 ?
[61] Primary prostate tumour samples P2X1, P2X2, P2X7 ?
[73] 1E8, and 2B4 cells P2Y? Cancer cell invasion
[48, 60] PC-3, DU-145 prostate cancer P2X5, P2Y11 Pro-apoptotic (in vitro and
cell lines in vivo)
Gynaecology Cervical cancer [22] Primary cultured human P2X7 Pro-apoptotic
ectocervical epithelial cells;
CaSki cells
[40] Human cervical cancer cells Truncated P2X7 ‘Auto-hetero-
oligomerization’ with
P2X7, anti-apoptotic
Endometrial [63] Primary uterine epithelial P2X7 Pro-apoptotic
cancer cancer tissue
[74] HEC-1A and Ishikawa P2Y2 Anti-proliferative
endometrial carcinoma cells
Ovarian cancer [75] EFO-21, EFO-27 cells P2Y2 Anti-proliferative
[76] IOSE-29, IOSE-29EC, P2U (Y2, Y4) Pro-proliferative
OVCAR-3 cells
[77] OVCAR-3 cells ? Pro-proliferative
Breast cancer [78] MCF7, MDA-MB-231 cells P2? Anti-proliferative; pro-
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Table 1 (continued)

Special clinical Cancer type Reference Origin of cell (primary/cell line) P2 purinoceptor Effect of P2 receptor agonist
field
[79] Hs578T, MCF-7, SK-Br3, and P2U (Y2, Y4) Pro-proliferative
T47-D cells
[80] Primary breast cancer tissue P2X7 None
[81] MCF7, MDA-MB-231 cells ? K" efflux
Gastroenterology Oesophageal [82] Kyse-140 cells P2Y2 Anti-proliferative
cancer
Gastric [83] HGC-27 cells ? Anti-proliferative; pro-
carcinoma apoptotic
Colorectal [84] Primary colorectal carcinoma P2U (Y2, Y4) Anti-proliferative; pro-
carcinoma cell culture; HT-29 cells apoptotic
[85] HCTS and Caco-2 cells P2X1, P2X3, P2X4, Pro-apoptotic; pro-
P2X5, P2Xe6, proliferative
P2X7, P2Y1,
P2Y2, P2Y4,
P2Y6, P2Y11,
P2Y12
[86] HT-29 cells P2Y2 Biphasic (increase/decrease)
change in extracellular
acidification rate (ECAR)
[87] HT-29 cells P2Y4 ?
[88] Primary colon cancer tissue P2Y2, P2Y4 ?
samples
Pancreatic [12] Primary pancreatic cancer P2X7, P2Y2, P2Y6 Chronic inflammation (tissue
cancer tissue samples remodelling, fibrogenesis) +
neoplasia
Endocrinology Thyroid cancer [89] ARO cells P2? Translocation and
neosynthesis of APE1/Ref-
1 protein, protection from
H>0, induced cell death
[90] ARO cells; Primary thyroid P2Y1, P2Y2 Upregulation of Hsp90 and
tumour samples stimulation of cell
proliferation
[91] FBI and FB2 cell lines; Human P2X7 Receptor upregulation;
thyroid papillary cancer tissue cytoplasmic Ca®" increase,
samples IL-6 secretion
Haematology Leukaemia [92] L1210 cells ? Killing of leukaemic cells
subtypes and [93] HL-60 cells P2Y11 Anti-proliferative; induction
myelodysplastic of differentiation
syndrome [94] Primary cells from B-cell chronic P2X7 Anti-proliferative
lymphocytic leukemia patients
[37] Primary cells from chronic A1513C mutant P2X7 No or decreased apoptotic
lymphocytic leukaemia patients function
[38] Primary cells from acute P2X7 Cytoplasmic free Ca>"
myelogenous leukemia (AML), increase (in most P2X7
acute lymphoblastic leukemia positive cell types); loss of
(ALL), chronic myelogenous function (J6-1, Namalwa,
leukemia (CML), and and LCL-H cells)
myelodysplastic syndrome
(MDS) patients; J6-1, Namalwa,
LCL-H and other cell lines
[95] K562, Lucena 1 cells ? Cytotoxic effect
[96] F-36P and HL-60 cells P2X1, P2X4, P2XS5, G1/GO arrest of cell cycle
P2X7, P2Y1, P2Y2, (anti-proliferative);
P2Y4, P2Y5, P2Ye6, pro-apoptotic
P2Y11
[97] B-lymphocytes from subjects with P2X7 PLD (phospholipase D)

chronic lymphocytic leukaemia
(CLL)

activation
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Table 1 (continued)

Special clinical Cancer type Reference Origin of cell (primary/cell line) P2 purinoceptor Effect of P2 receptor agonist
field
Dermatology Squamous cell [98] Primary samples from squamous P2X5, P2X7, P2Y2 Difterentiation (P2X5); pro-
carcinoma cell carcinomas; A431 cells apoptotic (P2X7); pro-
proliferative (P2Y2)
Basal cell [98] Primary samples from basal cell P2X5, P2X7, P2Y2, Differentiation (P2X5)
carcinoma carcinomas P2Y4
Malignant [99] Primary human melanoma tissue P2Y1, P2Y2, P2Y6 Anti-proliferative (P2Y1);
melanoma samples, A375 cells Pro-proliferative (P2Y2)
[100] Primary human melanoma tissue P2X7 Pro-apoptotic
samples, A375 cells
[39] Primary human melanoma tissue P2X7 (in functional Anti-apoptotic
samples; HT-199, HT-168-M1, interaction with
WM-35 cells overexpressed
ryanodine receptor
type 2)
Non specific Sarcoma [86] MCG 101 cells P2Y2 Increased extracellular
(surgery) acidification rate (ECAR)

tumour (e.g. P2Y, receptor function in OVCAR-3 versus
EFO-21 ovarian cancer cells). We, therefore, would like to
refrain from making definite declarations concerning the
‘usual’ function of certain receptor subtypes in cancer cells
and tissues.

In general, however, it can be stated that most of the
effects of purinergic signalling commonly examined are
related to the regulation of apoptosis, proliferation and
differentiation (but again, there are other examples as
demonstrated by the table, e.g. the equally significant
invasivity of malignant cells, assessed by Chen and
colleagues [73] in the case of prostate cancer), and it is
usually supposed that the deregulation of one or more of
these three functions is an important contribution to
malignant transformation. The most widely accepted view
attributes pro-apoptotic function to the P2X; receptor, but
even this is challenged by observations displaying different,
or sometimes even right the opposite activity of this
receptor (see in Table 1, e.g. the results of Raffaghello
and colleagues [70] with neuroblastoma cells, those of
Wiley and colleagues [37] with leukaemia cells, or our own
work [39] with melanoma malignum cells). Another
cautious generalization that one might attempt looking at
the data of Table 1 is that P2Y; and P2Y, receptors tend to
regulate cell proliferation in a positive or negative way,
depending again on the cell type. Finally, we point out that
in both cases when the P2Y;; receptor seems to exert an
effect in solo (in case of HL-60 leukaemia cells and
neuro2a neuroblastoma cells), experimental data indicate
that this receptor subtype may be responsible for inducing
re-differentiation of the already partially dedifferentiated
tumour cells.
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Effect of ATP In Vivo—Animal Models and Clinical
Studies

Testing the Effect of ATP on Animals with Implanted
Human Tumours

Following the observation of the anti-tumour effect of ATP in
monolayer cultures of human cancer cells [34, 35], Rapaport
and colleagues successfully treated CT26 colon adenocarci-
noma and CAPAN-1 human pancreatic adenocarcinoma
implanted into mice by the intraperitoneal administration of
adenine nucleotides [36, 42]. Daily intraperitoneal injections
of 1 ml of 50 mM AMP, ADP or ATP yielded elevated
blood and plasma levels of ATP of 1 to 5 uM lasting for
several hours. The above treatment applied for 10 days
resulted in the inhibition of tumour growth and a few
“cures” in animals with low tumour burdens. The treatment
was not toxic to the host as determined by changes in body
weights. Weight loss observed in animals upon progression
of the aggressive and fast-growing CT26 tumours was
slowed markedly, that is, the anti-cachexia effect of the
treatment became obvious. Sustained elevation of ATP
levels in the plasma is necessary for the beneficiary effect
to be exerted but is difficult to achieve due to the rapid
break-down of ATP by ectonucleotidases. Another study
demonstrated that elevated plasma ATP levels could be
explained by the buffering effect of the expansion of
erythrocyte ATP pools preceded by and originating in the
enhanced turnover of expanded liver ATP pools following
intraperitoneal AMP or ATP injections [43].

The studies of Estrela and colleagues pointed out that
ATP-induced tumour growth inhibition is accompanied by a
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selective decrease in the content of glutathione within the
cancer cells in vivo, which sensitizes tumour cells to
chemo- and radiation therapy [46]. They reported that
administration of ATP in combination with diethylmaleate
and X-rays led to complete regression of 95% of Ehrlich
ascites tumours in mice, whereas 1 mmol/kg per day of the
nucleotide, when combined with recombinant human
tumour necrosis factor-a (rth TNF-o«) administration,
afforded a 61% inhibition of tumour growth and resulted
in a significant extension of host survival [46, 47].

Recently, further implanted tumours of different origins
with advanced urological malignancy have also been tested.
Following their in vitro studies, Shabbir and colleagues
have demonstrated the beneficial anti-tumour effect of daily
intraperitoneal injections of ATP on two different types of
hormone-refractory prostate carcinoma cell lines (PC-3,
DU-145) that had been implanted into male nude athymic
mice [48]. Significant (approximately 60% to 70%)
reduction was seen in the growth of both freshly implanted
and established tumours without any adverse effects on the
host mice. They also found that intraperitoneal injections of
ATP significantly reduced the growth of implanted bladder
cancer (HT-1376, human grade 3 transitional cell carcino-
ma) cells by a combination of apoptosis and necrosis in
athymic mice [49].

Clinical Trials

Although extracellular ATP has been reported to inhibit the
growth of a variety of human tumours, to induce resistance
of non-malignant tissues to chemo- and radiation therapy,
and to have pronounced anticachexia effects [50], its
possible use in clinical practice is rather controversial due
to the contradictory results of the clinical trials carried out
so far. Our present knowledge is basically confined to
experiences with patients suffering from advanced (stage
HIB and IV) non-small-cell lung cancer, who were the
subjects of the small number of studies attempted to date.
The first phase I study to determine the toxicity and
maximum safely tolerated dose indicated that a 96-h 50 pg/
kg/min infusion is a safe and tolerable dose, and the most
common side-effect turned out to be a cardiopulmonary
reaction characterized by chest tightness and dyspnea,
occurring in more than 36% of the patients at the lowest
drug dose used and more frequently at higher doses [51].
Phase II and III studies, however, produced more contro-
versial results. Whereas one trial concluded that intravenous
ATP was an inactive agent and caused no objective
complete or partial responses [52], another group reported
to have proved that ATP had beneficial effects on weight,
muscle strength, and quality of life in patients with
advanced non-small-cell lung cancer [53], partly due to

altering glucose turnover and gluconeogenesis [54] and
increasing liver energy status [55]. Nevertheless, even this
group found that the ten intravenous 30-h ATP infusions
every 2—4 weeks over a 24-week period they applied did
not lead to tumour regression, and although the treatment
resulted in prolonged survival of the subgroup of weight-
losing stage IIIB patients, this was not seen in the case of
stage IV or weight-stable patients [56].

While the results of some of the above mentioned
clinical trials are promising, both the number of trials and
the number of participants in these trials are quite low and
do not allow one to make final conclusions, especially
taking into consideration the contradictions of the published
works. It must be emphasized that these clinical trials deal
with non-small-cell lung cancer patients and we are short of
results concerning other tumour types. Differences in the
protocols used also make comparison difficult. Finally, one
should not forget that the above-mentioned trials used ATP
in monotherapy, although several of its possible modes of
action (as described above) enable this compound to
facilitate the effect other chemotherapeutic agents or
irradiation. The investigation of these combination thera-
pies has also started, the effect of ATP applied together with
etoposide [57], diethylmaleate and X-rays [46], mitomycin
C [49, 58], interferon-y [33], cisplatin [59], mitoxantrone
[60] and recombinant human TNF-« [47] is examined,
even though these studies are still in the preclinical phase.

Diagnostic and Therapeutic Perspectives

The expanding knowledge already piled up about the effect
of ATP and other purines on cancer cells could theoretically
be converted into practical use in two ways: purinergic
signalling related proteins could be used in diagnostics as
tumour markers, and the therapeutic potential of purines or
purine analogues could be exploited. As far as the former is
concerned, the first efforts have already been made to
evaluate the prognostic potential of purinergic receptors.
One of the most promising attempts was that of Slater and
colleagues who demonstrated that P2X; and P2X, puriner-
gic receptors were absent from normal prostate epithelium
that did not progress to prostate cancer within 5 years, but
in cases when it did, labelling of these two proteins was
observed in a stage-specific manner: first in the nucleus,
then in the cytoplasm and finally on the apical membrane,
as prostate cancer developed [61]. These markers were
present up to 5 years before cancer was detectable by the
usual morphological criteria as determined by hematoxylin
and eosine staining. A similar correlation is present with the
P2X; receptor, with 114 tumours out of 116 staining
positively for the receptor at the earliest biopsy, generally
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with the less advanced pattern of distribution of immuno-
positivity [62]. The feasibility of the use of the P2X,
protein as a prognostic factor is underlined by the fact that
all patients who exhibited no P2X; labelling had the level
of a commonly used marker of prostate cancer, prostate
specific antigen (PSA), smaller than 2, while patients who
exhibited stage-specific P2X; expression, and who later
developed obvious prostate cancer, all had a PSA >2 [61].

Another example could be the decreased expressions of
the P2X receptor mRNA and protein in uterine adenocar-
cinomas, squamous cell carcinomas and dysplastic lesions
as compared to normal endometrial, endocervical, and
ectocervical cells, which could constitute the basis of a
method of 92% and 100% sensitivity and 100% and 90%
specificity (mRNA- and protein-level-based, respectively)
to distinguish normal and malignant uterine epithelial
tissues [63].

The use of P2X; receptor mRNA expression as a
prognostic factor can be demonstrated nicely in leukaemias
as well. Not only were relative expression levels signifi-
cantly higher in acute myelogenous leukaemia (AML),
acute lymphoblastic leukaemia (ALL), chronic myeloge-
nous leukaemia (CML), and myelodysplastic syndrome
(MDS) groups than those in the normal donor group, but
after one course of standard induction therapies, the
remission rate in the high P2X; expression group was
lower than that in either the P2X; negative or the low P2X,
expression group, clearly indicating the prognostic potential
of determination of the P2X; mRNA levels in these
haematologic diseases [38].

As far as purinergic signalling as a potential anticancer
drug target is concerned, we have not reached too far yet.
Although the first clinical trials have already taken place, as
detailed above, only ATP in monotherapy has been tried.
Combined administration of ATP with chemotherapeutics is
only at the in vitro stage, as is the use of ATP analogues.
Probably the most striking contradiction in this field is that
although there is a huge amount of in vitro data on the role
of different P2 receptors in cell fate and tumour genesis and
progression, results seen in human clinical trials are most
often explained by what we termed ‘nutritional, vascular
and anti-antioxidant actions’, which are poorly explored on
the cellular level. This implies that on the one hand further
and more detailed investigation of the latter effects needs to
be encouraged. On the other hand, however, we must
emphasize as well, that the receptorial effects of the P2
agonist ATP should not be underestimated either. The
involvement of P2 receptors in the antitumour actions of
ATP infusions is supported by the fact that these infusions
saturate plasma ectonucleotidases and are able to maintain
sustained micromolar plasma ATP concentrations, just
within the specific affinity range of most of the receptors
in question.
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It would be inevitable to synthetize stable (i.e. resistant
to the action of ectonucleotidases in the body) and
subtype-specific agonists and antagonists of the purinergic
receptors, if selective activation or inhibition of a given
function were to be achieved. The task is not easy, first,
because the effect of activating P2 receptors on a tumour
type is often rather confusing as is clear from Table 1.
Second, even if a clearly determined function of a receptor
subtype would be defined unambiguously, that is whether
an agonist or an antagonist was needed for the desired
outcome, purinergic receptors are so wide-spread among
different tissues that numerous adverse effects of any drug,
no matter how specific for a purinoceptor subtype, should
certainly be calculated with. Nevertheless, when discour-
aged by all these difficulties, one should bear in mind the
triumph of the platelet aggregation inhibitor antithrombotic
drug clopidogrel, which, though outside the field of
oncology, is the clear example of the possible success of
selective (P2Y,) purinergic receptor antagonists in every-
day practice.

References

1. Drury AN, Szent-Gyorgyi A (1929) The physiological activity of
adenine compounds with special reference to their action upon
the mammalian heart. J Physiol 68:213-237

2. Holton P (1959) The liberation of adenosine triphosphate on
antidromic stimulation of sensory nerves. J Physiol (Lond)
145:494-504

3. Martinson J, Muren A (1963) Excitatory and inhibitory effects of
vagus stimulation on gastric motility in the cat. Acta Physiol
Scand 57:309-316

4. Burnstock G (1972) Purinergic nerves. Pharmacol Rev 24:509—581

5. Burnstock G (1978) A basis for distinguishing two types of
purinergic receptor. In: Straub RW and Bolis L (eds) Cell
membrane receptors for drugs and hormones: a multidisciplinary
approach. Raven, New York, pp 107-118

6. Burnstock G, Kennedy C (1985) Is there a basis for distinguish-
ing two types of P,-purinoceptor? Gen Pharmacol 16:433—440

7. Lazarowski E (2006) Regulated release of nucleotides and UDP
sugars from astrocytoma cells. Novartis Found Symp 276:73-84
discussion 84-90, 10712, 275-81

8. Selzner N, Selzner M, Graf R, Ungethuem U, Fitz JG, Clavien
PA (2004) Water induces autocrine stimulation of tumor cell
killing through ATP release and P2 receptor binding. Cell Death
Differ Suppl 2:S172-180

9. Mazurek S, Boschek CB, Eigenbrodt E (1997) The role of
phosphometabolites in cell proliferation, energy metabolism, and
tumor therapy. J Bioenerg Biomembranes 29(4):315-330

10. Zimmermann H (2001) Ectonucleotidases: some recent develop-
ments and a note on nomenclature. Drug Dev Res 52:44-56

11. Bavaresco L, Bernardi A, Braganhol E, Wink MR, Battastini
AM (2007) Dexamethasone inhibits proliferation and stimulates
ecto-5"-nucleotidase/CD73 activity in C6 rat glioma cell line. J
Neurooncol 84(1):1-8

12. Kunzli BM, Berberat PO, Giese T, Csizmadia E, Kaczmarek E,
Baker C, Halaceli I, Buchler MW, Friess H, Robson SC (2007)
Upregulation of CD39/NTPDases and P2 receptors in human



Extracellular ATP and P2 purinoceptors in cancer

229

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

pancreatic disease. Am J Physiol Gastrointest Liver Physiol 292
(1):G223-G230

Jackson SW, Hoshi T, Wu Y, Sun X, Enjyoji K, Csizmadia E,
Sundberg C, Robson SC (2007) Disordered purinergic signaling
inhibits pathological angiogenesis in cd39/Entpd1-null mice. Am
J Pathol 171(4):1395-1404

Merighi S, Mirandola P, Varani K, Gessi S, Leung E, Baraldi PG,
Tabrizi MA, Borea PA (2003) A glance at adenosine receptors:
novel target for antitumor therapy. Pharmacol Ther 100(1):
31-48

North RA (2002) Molecular physiology of P2X receptors.
Physiol Rev 82(4):1013-1067

Bean BP (1992) Pharmacology and electrophysiology of ATP-
activated ion channels. Trends Pharmacol Sci 13(3):87-90
Egan TM, Samways DS, Li Z (2006) Biophysics of P2X
receptors. Pfliigers Arch 452(5):501-512

Thomas SA, Hume RI (1990) Permeation of both cations and
anions through a single class of ATP-activated ion channels in
developing chick skeletal muscle. J Gen Physiol 95:569-590
Kim M, Jiang LH, Wilson HL, North RA, Surprenant A (2001)
Proteomic and functional evidence for a P2X7 receptor signal-
ling complex. EMBO J 20(22):6347-6358

Kahlenberg JM, Dubyak GR (2004) Mechanisms of caspase-1
activation by P2X7 receptor-mediated K+ release. Am J Physiol
Cell Physiol 286(5):C1100-C1108

Bulanova E, Budagian V, Orinska Z, Hein M, Petersen F,
Thon L, Adam D, Bulfone-Paus S (2005) Extracellular ATP
induces cytokine expression and apoptosis through P2X7
receptor in murine mast cells. J Immunol 174(7):3880-3890
Wang Q, Wang L, Feng YH, Li X, Zeng R, Gorodeski GI (2004)
P2X7 receptor-mediated apoptosis of human cervical epithelial
cells. Am J Physiol Cell Physiol 287(5):C1349—C1358

Ferrari D, Chiozzi P, Falzoni S, Dal Susino M, Melchiorri L,
Baricordi OR, Di Virgilio F (1997) Extracellular ATP triggers
IL-1 beta release by activating the purinergic P2Z receptor of
human macrophages. J Immunol 159(3):1451-1458

Verhoef PA, Estacion M, Schilling W, Dubyak GR (2003) P2X7
receptor-dependent blebbing and the activation of Rho-effector
kinases, caspases, and IL-1 beta release. J Immunol 170
(11):5728-5738

Chiozzi P, Murgia M, Falzoni S, Ferrari D, Di Virgilio F (1996)
Role of the purinergic P2Z receptor in spontaneous cell death in
J774 macrophage cultures. Biochem Biophys Res Commun 218
(1):176-181

Ralevic V, Burnstock G (1998) Receptors for purines and
pyrimidines. Pharmacol Rev 50(3):413-492

Burnstock G (2006) Purinergic signalling. Br J Pharmacol 147
(Suppl 1):S172-S181

Burnstock G (2006) Purinergic signalling—an overview. Novar-
tis Found Symp 276:26-48 discussion 48-57, 275-81
Hollopeter G, Jantzen HM, Vincent D, Li G, England L,
Ramakrishnan V, Yang RB, Nurden P, Nurden A, Julius D,
Conley PB (2001) Identification of the platelet ADP receptor
targeted by antithrombotic drugs. Nature 409:202-207

Marteau F, Le Poul E, Communi D, Communi D, Labouret C,
Savi P, Boeynaems J-M, Suarez Gonzalez N (2003) Pharmaco-
logical characterization of the human P2Y3 receptor. Mol
Pharmacol 64:104-112

Szigeti GP, Szappanos H, Deli T, Cseri J, Kovacs L, Csernoch L
(2007) Differentiation-dependent alterations in the extracellular
ATP-evoked calcium fluxes of cultured skeletal muscle cells
from mice. Pflugers Arch 453(4):509-518

Deli T, Szappanos H, Szigeti GP, Cseri J, Kovacs L, Csernoch L
(2007) Contribution from P2X and P2Y purinoreceptors to ATP-
evoked changes in intracellular calcium concentration on
cultured myotubes. Pflugers Arch 453(4):519-529

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

Burnstock G (2006) Pathophysiology and therapeutic potential
of purinergic signaling. Pharmacol Rev 58(1):58-86

Rapaport E (1983) Treatment of human tumor cells with ADP or
ATP yields arrest of growth in the S phase of the cell cycle. J
Cell Physiol 114(3):279-283

Rapaport E, Fishman RF, Gercel C (1983) Growth inhibition of
human tumor cells in soft-agar cultures by treatment with low
levels of adenosine 5'-triphosphate. Cancer Res 43(9):4402—
4406

Rapaport E (1988) Experimental cancer therapy in mice by
adenine nucleotides. Eur J Cancer Clin Oncol 24(9):1491-1497
Wiley JS, Dao-Ung LP, Gu BJ, Sluyter R, Shemon AN, Li C,
Taper J, Gallo J, Manoharan A (2002) A loss-of-function
polymorphic mutation in the cytolytic P2X7 receptor gene and
chronic lymphocytic leukaemia: a molecular study. Lancet 359
(9312):1114-1119

Zhang XJ, Zheng GG, Ma XT, Yang YH, Li G, Rao Q, Nie K,
Wu KF (2004) Expression of P2X7 in human hematopoietic cell
lines and leukemia patients. Leuk Res 28(12):1313-1322

Deli T, Varga N, Adam A, Kenessey I, Raso E, Puskas LG,
Tovari J, Fodor J, Feher M, Szigeti GP, Csernoch L, Timar J
(2007) Functional genomics of calcium channels in human
melanoma cells. Int J Cancer 121(1):55-65

Feng YH, Li X, Zeng R, Gorodeski GI (2006) Endogenously
expressed truncated P2X7 receptor lacking the C-terminus is
preferentially upregulated in epithelial cancer cells and fails to
mediate ligand-induced pore formation and apoptosis. Nucleo-
sides Nucleotides Nucleic Acids 25(9-11):1271-1276
Krzeminski P, Misiewicz I, Pomorski P, Kasprzycka-Guttman T,
Branska J (2007) Mitochondrial localization of P2Y'1, P2Y2 and
P2Y 12 receptors in rat astrocytes and glioma C6 cells. Brain Res
Bull 71(6):587-592

Rapaport E, Fontaine J (1989) Anticancer activities of adenine
nucleotides in mice are mediated through expansion of
erythrocyte ATP pools. Proc Natl Acad Sci USA 86(5):1662—
1666

Rapaport E, Fontaine J (1989) Generation of extracellular ATP in
blood and its mediated inhibition of host weight loss in tumor-
bearing mice. Biochem Pharmacol 38(23):4261-4266

Ristow M (2006) Oxidative metabolism in cancer growth. Curr
Opin Clin Nutr Metab Care 9(4):339-345

Baba T, Fukui M, Sakata S, Tashima T, Takeshita I, Nakamura T,
Inoue T (1989) Selective enhancement of intratumoural blood
flow in malignant gliomas: experimental study in rats by
intracarotid administration of adenosine or adenosine triphos-
phate. Acta Neurochir (Wien) 101(1-2):66-74

Estrela JM, Obrador E, Navarro J, Lasso De la Vega MC,
Pellicer JA (1995) Elimination of Ehrlich tumours by ATP-
induced growth inhibition, glutathione depletion and X-rays. Nat
Med 1(1):84-88

Obrador E, Navarro J, Mompo J, Asensi M, Pellicer JA, Estrela JM
(1997) Glutathione and the rate of cellular proliferation determine
tumour cell sensitivity to tumour necrosis factor in vivo. Biochem J
325(Pt 1):183-189

Shabbir M, Thompson C, Jarmulowiczc M, Mikhailidis D,
Burnstock G (2008) Effect of extracellular ATP on the growth
of hormone-refractory prostate cancer in vivo. BJU Int 102
(1):108-112

Shabbir M, Ryten M, Thompson C, Mikhailidis D, Burnstock G
(2008) Purinergic receptor-mediated effects of ATP in high-grade
bladder cancer. BJU Int 101(1):106-112

Abraham EH, Salikhova AY, Rapaport E (2003) ATP in the
treatment of advanced cancer. Curr Top Membr 54:415-452
Haskell CM, Wong M, Williams A, Lee LY (1996) Phase I trial
of extracellular adenosine 5'-triphosphate in patients with
advanced cancer. Med Pediatr Oncol 27(3):165-173

@ Springer



230

T. Deli, L. Csernoch

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Haskell CM, Mendoza E, Pisters KM, Fossella FV, Figlin RA
(1998) Phase II study of intravenous adenosine 5'-triphosphate in
patients with previously untreated stage IIIB and stage IV non-
small cell lung cancer. Invest New Drugs 16(1):81-85
Agteresch HJ, Dagnelie PC, van der Gaast A, Stijnen T,
Wilson JH (2000) Randomized clinical trial of adenosine 5'-
triphosphate in patients with advanced non-small-cell lung
cancer. J Natl Cancer Inst 92(4):321-328

Agteresch HJ, Leij-Halfwerk S, Van Den Berg JW, Hordijk-
Luijk CH, Wilson JH, Dagnelie PC (2000) Effects of ATP
infusion on glucose turnover and gluconeogenesis in patients
with advanced non-small-cell lung cancer. Clin Sci (Lond) 98
(6):689—-695

Leij-Halfwerk S, Agteresch HJ, Sijens PE, Dagnelie PC (2002)
Adenosine triphosphate infusion increases liver energy status in
advanced lung cancer patients: an in vivo 31P magnetic
resonance spectroscopy study. Hepatology 35(2):421-424
Agteresch HJ, Burgers SA, van der Gaast A, Wilson JH,
Dagnelie PC (2003) Randomized clinical trial of adenosine 5'-
triphosphate on tumor growth and survival in advanced lung
cancer patients. Anticancer Drugs 14(8):639-644

Hatta Y, Takahashi M, Enomoto Y, Takahashi N, Sawada U,
Horie T (2004) Adenosine triphosphate (ATP) enhances the
antitumor effect of etoposide (VP16) in lung cancer cells. Oncol
Rep 12:1139-1142

Shabbir M, Thompson CS, Mikhailidis DP, Morgan RJ, Burnstock
G (2004) Adenosine 5-triphosphate (ATP) increases the cytotoxic
effect of mitomycin C in the treatment of high-grade bladder cancer.
J Urol 171(Suppl 4):260

Schafer R, Sedehizade F, Welte T, Reiser G (2003) ATP- and
UTP-activated P2Y receptors differently regulate proliferation of
human lung epithelial tumor cells. Am J Physiol Lung Cell Mol
Physiol 285:1.376-L385

Shabbir M, Ryten M, Thompson C, Mikhailidis D, Burnstock G
(2008) Characterization of calcium-independent purinergic re-
ceptor-mediated apoptosis in hormone-refractory prostate cancer.
BJU Int 101(3):352-359

Slater M, Danieletto S, Barden JA (2005) Expression of the
apoptotic calcium channel P2X7 in the glandular epithelium. J
Mol Histol 36(3):159-165

Slater M, Danieletto S, Gidley-Baird A, Teh LC, Barden JA
(2004) Early prostate cancer detected using expression of non-
functional cytolytic P2X7 receptors. Histopathology 44(3):206—
215

Li X, Zhou L, Feng YH, Abdul-Karim FW, Gorodeski GI (2006)
The P2X7 receptor: a novel biomarker of uterine epithelial
cancers. Cancer Epidemiol Biomarkers Prev 15(10):1906-1913
Czajkowski R, Lei L, Sabala P, Baranska J (2002) ADP-evoked
phospholipase C stimulation and adenylyl cyclase inhibition in
glioma C6 cells occur through two distinct nucleotide receptors,
P2Y(1) and P2Y(12). FEBS Lett 513(2-3):179-183

Krzeminski P, Suplat D, Czajkowski R, Pomorski P, Baranska J
(2007) Expression and functional characterization of P2Y1 and
P2Y12 nucleotide receptors in long-term serum-deprived glioma
C6 cells. FEBS J 274(8):1970-1982

Van Kolen K, Slegers H (2006) Atypical PKCzeta is involved in
RhoA-dependent mitogenic signaling by the P2Y(12) receptor in
C6 cells. FEBS J 273(8):1843-1854

Morrone FB, Jacques-Silva MC, Horn AP, Bernardi A,
Schwartsmann G, Rodnight R, Lenz G (2003) Extracellular
nucleotides and nucleosides induce proliferation and increase
nucleoside transport in human glioma cell lines. J Neurooncol 64
(3):211-218

Cavaliere F, Nestola V, Amadio S, D’Ambrosi N, Angelini DF,
Sancesario G, Bernardi G, Volonte C (2005) The metabotropic
P2Y4 receptor participates in the commitment to differentiation

@ Springer

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

and cell death of human neuroblastoma SH-SY5Y cells. Neuro-
biol Dis 18(1):100-109

Lakshmi S, Joshi PG (2006) Activation of Src/kinase/phospho-
lipase C/mitogen-activated protein kinase and induction of
neurite expression by ATP, independent of nerve growth factor.
Neuroscience 141(1):179-189

Raffaghello L, Chiozzi P, Falzoni S, Di Virgilio F, Pistoia V
(2006) The P2X7 receptor sustains the growth of human
neuroblastoma cells through a substance P-dependent mecha-
nism. Cancer Res 66(2):907-914

Janssens R, Boeynaems JM (2001) Effects of extracellular
nucleotides and nucleosides on prostate carcinoma cells. Br J
Pharmacol 132(2):536-546

Calvert RC, Shabbir M, Thompson CS, Mikhailidis DP,
Morgan RJ, Burnstock G (2004) Immunocytochemical and
pharmacological characterisation of P2-purinoceptor-mediated
cell growth and death in PC-3 hormone refractory prostate
cancer cells. Anticancer Res 24(5A):2853-2859

Chen L, He HY, Li HM, Zheng J, Heng WJ, You JF, Fang WG
(2004) ERK1/2 and p38 pathways are required for P2Y receptor-
mediated prostate cancer invasion. Cancer Lett 215(2):239-247
Katzur AC, Koshimizu T, Tomic M, Schultze-Mosgau A,
Ortmann O, Stojilkovic SS (1999) Expression and responsive-
ness of P2Y2 receptors in human endometrial cancer cell lines. J
Clin Endocrinol Metab 84(11):4085—4091

Schultze-Mosgau A, Katzur AC, Arora KK, Stojilkovic SS,
Diedrich K, Ortmann O (2000) Characterization of calcium-
mobilizing, purinergic P2Y(2) receptors in human ovarian cancer
cells. Mol Hum Reprod 6(5):435-442

Choi KC, Tai CJ, Tzeng CR, Auersperg N, Leung PC (2003)
Adenosine triphosphate activates mitogen-activated protein
kinase in pre-neoplastic and neoplastic ovarian surface epithelial
cells. Biol Reprod 68(1):309-315

Popper LD, Batra S (1993) Calcium mobilization and cell
proliferation activated by extracellular ATP in human ovarian
tumour cells. Cell Calcium 14(3):209-218

Vandewalle B, Hornez L, Revillion F, Lefebvre J (1994) Effect
of extracellular ATP on breast tumor cell growth, implication of
intracellular calcium. Cancer Lett 85(1):47-54

Dixon CJ, Bowler WB, Fleetwood P, Ginty AF, Gallagher JA,
Carron JA (1997) Extracellular nucleotides stimulate prolifera-
tion in MCF-7 breast cancer cells via P2-purinoceptors. Br J
Cancer 75(1):34-39

Slater M, Danieletto S, Pooley M, Cheng Teh L, Gidley-Baird A,
Barden JA (2004) Differentiation between cancerous and normal
hyperplastic lobules in breast lesions. Breast Cancer Res Treat 83
(1):1-10

Gow IF, Thomson J, Davidson J, Shennan DB (2005) The effect
of a hyposmotic shock and purinergic agonists on K+(Rb+)
efflux from cultured human breast cancer cells. Biochim Biophys
Acta 1712(1):52-61

Maaser K, Hopfner M, Kap H, Sutter AP, Barthel B, von Lampe B,
Zeitz M, Scherubl H (2002) Extracellular nucleotides inhibit
growth of human oesophageal cancer cells via P2Y(2)-receptors.
Br J Cancer 86(4):636-644

Wang MX, Ren LM (2006) Growth inhibitory effect and
apoptosis induced by extracellular ATP and adenosine on human
gastric carcinoma cells: involvement of intracellular uptake of
adenosine. Acta Pharmacol Sin 27(8):1085-1092

Hopfner M, Lemmer K, Jansen A, Hanski C, Riecken EO,
Gavish M, Mann B, Buhr H, Glassmeier G, Scherubl H (1998)
Expression of functional P2-purinergic receptors in primary
cultures of human colorectal carcinoma cells. Biochem Biophys
Res Commun 251(3):811-817

Coutinho-Silva R, Stahl L, Cheung KK, de Campos NE, de
Oliveira Souza C, Ojcius DM, Burnstock G (2005) P2X and P2Y



Extracellular ATP and P2 purinoceptors in cancer

231

86.

87.

88.

89.

90.

91.

92.

purinergic receptors on human intestinal epithelial carcinoma
cells: effects of extracellular nucleotides on apoptosis and cell
proliferation. Am J Physiol Gastrointest Liver Physiol 288(5):
G1024-G1035

Nylund G, Nordgren S, Delbro DS (2004) Expression of P2Y2
purinoceptors in MCG 101 murine sarcoma cells, and HT-29
human colon carcinoma cells. Auton Neurosci 112(1-2):69-79
Delbro DS, Nylund G, Nordgren S (2005) Demonstration of
P2Y4 purinergic receptors in the HT-29 human colon cancer cell
line. Auton Autacoid Pharmacol 25(4):163-166

Nylund G, Hultman L, Nordgren S, Delbro DS (2007) P2Y2-
and P2Y4 purinergic receptors are over-expressed in human
colon cancer. Auton Autacoid Pharmacol 27(2):79-84

Pines A, Perrone L, Bivi N, Romanello M, Damante G, Gulisano M,
Kelley MR, Quadrifoglio F, Tell G (2005) Activation of APE1/
Ref-1 is dependent on reactive oxygen species generated after
purinergic receptor stimulation by ATP. Nucleic Acids Res 33(14):
4379-4394

Pines A, Bivi N, Vascotto C, Romanello M, D’Ambrosio C,
Scaloni A, Damante G, Morisi R, Filetti S, Ferretti E,
Quadrifoglio F, Tell G (2006) Nucleotide receptors stimulation
by extracellular ATP controls Hsp90 expression through APE1/
Ref-1 in thyroid cancer cells: a novel tumorigenic pathway. J
Cell Physiol 209(1):44-55

Solini A, Cuccato S, Ferrari D, Santini E, Gulinelli S, Callegari MG,
Dardano A, Faviana P, Madec S, Di Virgilio F, Monzani F (2008)
Increased P2X7 receptor expression and function in thyroid
papillary cancer: a new potential marker of the disease? Endocri-
nology 149(1):389-396

Hatta Y, Aizawa S, Itoh T, Baba M, Horie T (1994) Cytotoxic
effect of extracellular ATP on L1210 leukemic cells and normal
hemopoietic stem cells. Leuk Res 18(8):637-641

93.

94.

95.

96.

97.

98.

99.

100.

Conigrave AD, van der Weyden L, Holt L, Jiang L, Wilson P,
Christopherson RI, Morris MB (2000) Extracellular ATP-dependent
suppression of proliferation and induction of differentiation of
human HL-60 leukemia cells by distinct mechanisms. Biochem
Pharmacol 60(11):1585-1591

Adinolfi E, Melchiorri L, Falzoni S, Chiozzi P, Morelli A, Tieghi A,
Cuneo A, Castoldi G, Di Virgilio F, Baricordi OR (2002) P2X7
receptor expression in evolutive and indolent forms of chronic B
lymphocytic leukemia. Blood 99(2):706-708

Bernardo AA, Pinto-Silva FE, Persechini PM, Coutinho-Silva R,
Meyer-Fernandes JR, de Souza AL, Rumjanek VM (2006)
Effect of extracellular ATP on the human leukaemic cell line
K562 and its multidrug counterpart. Mol Cell Biochem 289(1—
2):111-124

Yoon MJ, Lee HJ, Kim JH, Kim DK (2006) Extracellular
ATP induces apoptotic signaling in human monocyte leuke-
mic cells, HL-60 and F-36P. Arch Pharm Res 29(11):1032—
1041

Shemon AN, Sluyter R, Wiley JS (2007) Rottlerin inhibits P2X
(7) receptor-stimulated phospholipase D activity in chronic
lymphocytic leukaemia B-lymphocytes. Immunol Cell Biol 85
(1):68-72

Greig AV, Linge C, Healy V, Lim P, Clayton E, Rustin MH,
McGrouther DA, Burnstock G (2003) Expression of purinergic
receptors in non-melanoma skin cancers and their functional
roles in A431 cells. J Invest Dermatol 121(2):315-327

White N, Ryten M, Clayton E, Butler P, Burnstock G (2005)
P2Y purinergic receptors regulate the growth of human melano-
mas. Cancer Lett 224(1):81-91

White N, Butler PE, Burnstock G (2005) Human melanomas
express functional P2X(7) receptors. Cell Tissue Res 321
(3):411-418

@ Springer



	Extracellular ATP and Cancer—An Overview with Special Reference to P2 Purinergic Receptors
	Abstract
	Introduction
	Availability of ATP
	P2 Purinergic Receptors—Structure and Signal Transduction
	ATP and Tumours—Mode of Action
	Pharmacological Effects of ATP Through Dysfunctional or Mislocated Purinergic Receptors
	Nutritional, Vascular and ‘Anti-antioxidant’ Effects of ATP

	P2 Purinergic Receptors in Tumour Cells and Cell Lines In Vitro
	Effect of ATP In Vivo—Animal Models and Clinical Studies
	Testing the Effect of ATP on Animals with Implanted Human Tumours
	Clinical Trials

	Diagnostic and Therapeutic Perspectives
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


