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The P2X7 receptor regulates cell growth through mediation of
apoptosis. P2X7 levels are lower in cancer epithelial cells than in
normal cells, and previous studies showed that expression of P2X7
wasregulatedpost-transcriptionally.Theobjectiveof thestudywas
to understand regulation of P2X7mRNAstability.Overexpression
of a reporter containing the full-length human P2X7 3�-untrans-
lated region (3�-UTR) or reporters containing parts of the 3�-UTR-
P2X7wereassociatedwith increasedabundanceof the construct in
normal cells and decreased abundance in cancer epithelial cells.
Sequenceswithin the 3�-UTR-P2X7,which are putative target sites
for themicroRNAs, miR-186 (middle segment) andmiR-150 (dis-
tal segment), decreased the abundance of the P2X7 transcript.
Overexpression in cancer cells of mutated miR-186 and miR-150
target siteswasassociatedwith lower levelsof thereportergenes. In
normalcellsoverexpressionof themutatedmiR-186target sitewas
associated with marked increased concentration, but overexpres-
sionof themiR-150 target site reporters,wild-typeandmutant, did
not change over time. Levels ofmiR-186 andmiR-150were higher
in cancer than in normal cells, and treatment with miR-186 and
miR-150 inhibitors increased P2X7 mRNA. In human embryonic
kidney-293 cells heterologously expressing the full-length
3�-UTR-P2X7 luciferase reporter, miR-186 and miR-150 inhib-
itors increased luciferase activity, whereas miR-186 and miR-
150 mimics decreased luciferase activity after actinomycin D
treatment. These data suggest that increased expression ofmiR-
186 and miR-150 in cancer epithelial cells decreases P2X7
mRNA by activation of miR-186 and miR-150 instability target
sites located at the 3�-UTR-P2X7.

The receptor P2X7 is a membrane-bound, ligand-operated
channel (1–6). ATP is the naturally occurring ligand for the

P2X7, and extracellular levels of ATP may reach low micromo-
lar levels (7–12), which are sufficient to activate the receptor
(13). Activation of the receptor may induce formation of pores
in the plasma membrane (14), which in epithelial cells mediate
apoptosis via the caspase-9 mitochondrial pathway (15, 16).
The P2X7 apoptosis effects can be regulated by receptor glyco-
sylation (16), trafficking, plasma membrane expression (17–
20), oligomerization (7, 21), and by receptor post-activation
internalization, recycling, and degradation (14, 21).
In epithelial tissues the P2X7 receptor is expressed predom-

inantly by proliferative (germinative) epithelial cells (21–23),
and it controls the growth of the epithelial cells. Previous stud-
ies in human uterine epithelial cells showed that base-line and
P2X7-mediated apoptosis are lower in cancer cells than in nor-
mal cells (12, 22, 23). The differences were not the result of
ligand availability because steady-state levels of ATP in condi-
tioned media of cancer epithelial cells were similar to those of
normal epithelial cells (12). Similarly, there were no significant
differences in P2X7 receptor activation, oligomerization, or
cycling between normal and cancer cells (12). In contrast, the
differences were associated with lower P2X7 mRNA and pro-
tein levels in the cancer cells than in the corresponding normal
epithelial cells (17, 18). Moreover, P2X7 receptor expression
was decreased in pre-cancerous epithelial tissues (22, 23).
These findings are biologically and clinically important because
defective apoptosis may lead to cancer (24–26), and the
decreased cellular expression of P2X7 could be causally related
to the development and progression of uterine cancers.
At present little is known about how epithelial cells regulate

expression of the P2X7 receptor. The human P2X7 receptor
gene is localized to chromosome 12q24 and includes 13 exons
(27). P2X7 transcription may be regulated.3 However, a recent
preliminary study showed that P2X7 expression is also regu-
lated post-transcriptionally (23). In that preliminary experi-
ment, normal and cancer epithelial cells were transfectedwith a
luciferase reporter vector ligatedwith the 3�-UTR4 region of the
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human P2X7 gene. The steady-state levels of luciferase mRNA
in normal cells were higher than in control cells after a 6-h
incubation, but luciferase mRNA levels were lower in cancer
cells (23). These data suggested that cancer epithelial cells con-
trol P2X7 mRNA expression through targets in the 3�-UTR
P2X7. Moreover, because the decrease of P2X7 mRNA was
quantitatively as great as that of the protein in cancer cells (22),
it is possible that P2X7 mRNA is degraded at a faster rate in
cancer cells than in normal epithelial cells. The objective of this
study was to gain a better understanding of the mechanism by
which cancer epithelial cells control the expression of P2X7
mRNA post-transcriptionally.
Degradation of mRNA can be mediated by two main mech-

anisms as follows: cis-dependent trans-acting regulatory pro-
teins (28, 29) and microRNAs (miRNA) (13, 30). In this study
we tested the hypothesis that post-transcriptional regulation of
P2X7 mRNA expression involves miRNAs. miRNAs are small,
noncoding 18–25-nucleotide RNAs that regulate mRNA tar-
gets and control critical functions across various biological pro-
cesses (31). The role ofmiRNAs in differentiation and apoptosis
was previously documented (32), and recent data underscored
their role in cancer etiology (reviews in Refs. 13, 33, 34). Animal
miRNAs form imperfectly base-paired duplexes with miRNA
response elements in target mRNAs. This interaction can
inhibit translation and lead to the degradation of the mRNA
(35–37). For effective repression, base-pairing between the
miRNA-response elements and the first 2–7 nt of the miRNA,
the “seed” region, are important (38–41).
The specific objective of this study was to explore which

miRNAs are important for P2X7 mRNA regulation. The experi-
mental model was the well characterized system of cultured
human uterine epithelial cells (14–16, 21–23). We found puta-
tive target sites for miR-186 andmiR-150 within the 3�-UTR of
P2X7, and both of these cis-elements conferred instability to the
transcript. Mutagenesis of these sites confirmed that they are
important for the maintenance of P2X7 mRNA stability. The
data showed that levels of miR-186 andmiR-150 were higher in
cancer than in normal cells, both in vivo and in cultured cells. In
addition, treatment with miR-186 and miR-150 inhibitors
increased P2X7 mRNA, predominantly in the normal cells.
Also, in the host human embryonic kidney-293 (HEK293) cells
heterologously expressing a luciferase reporter containing the
full-length human 3�-UTR-P2X7, treatment with miR-186 and
miR-150 inhibitors increased luciferase activity. To determine
whether a decrease in transcription or RNA stability produced
the decreased luciferase activity, HEK293 cells containing the
3�-UTR-P2X7 reporter andmiR-186 andmiR-150mimics were
treated with actinomycin D, and the results showed a decrease
in luciferase activity in the presence and absence of the drug.
These data suggest that miR-186 and miR-150 stimulate a
decrease in P2X7 mRNA steady-state levels by targeting insta-
bility sites within the 3�-UTR of the P2X7 gene. The data sug-
gest that the reduced expression of P2X7 in cancer epithelial
cells is the result of high steady-state levels of miR-186 and
miR-150 in cancer cells, which activate the instability domains
and decrease P2X7 mRNA levels possibly by inducing degrada-
tion of the transcript.

EXPERIMENTAL PROCEDURES

Human Tissues—Discarded human tissues were obtained
according to IRB protocols 12-03-50 and 03-90-300 from the
Human Tissue Procurement Facility of University Hospital
CASEMedical Center/the Comprehensive Cancer Center Tis-
sue Procurement Core Facility at Case Western Reserve Uni-
versity, Cleveland, OH. Cross-sections of uterine (ectocervical
and endometrial), bladder, and breast segments were obtained
from paraffin-embedded blocks that were prepared by the
Department of Pathology initially to establish the diagnosis for
the patient. For the purpose of this study, additional parallel
10-�m sections were cut, and slides intended for immuno-
staining were made by the Department of Pathology according
to standard procedures. This part of the study included tissues
obtained from four women with cervical cancers, three women
with endometrial cancers, two women and one man with blad-
der cancers, and three womenwith breast cancers. Included for
each case were cross-sections of the cancer tissue and an adja-
cent histologically normal tissue.
Discarded human endometrial and ectocervical tissues from

women undergoing hysterectomy for indications unrelated to
this study were obtained according to the above IRB protocols
also from the Cooperative Human Tissue Network (NCI,
National Institutes of Health) through the Human Tissue
Resource Network, Department of Pathology, Ohio State Uni-
versity, Columbus. These tissues were used for mRNA and
microRNA assays. Tissues were snap-frozen in liquid N2,
shipped on dry ice, and stored at�80 °C until assayed. Included
were tissues obtained from two women with endometrial ade-
nocarcinomas, three women with cervical squamous carcino-
mas, and from four women with histologically normal cervix.
The histological diagnoses presented below were made by

the Departments of Pathology at University Hospitals of Cleve-
land or at the Ohio State University. No attempt was made to
categorize results by ethnic origin or race of the patients.
Image Analysis of Immunofluorescence Data—Immuno-

staining with the rabbit polyclonal anti-P2X7 receptor antibody
(Alomone Laboratories, Jerusalem, Israel) or the anti-cytokera-
tin-18 (CK-18) and anti-E-cadherin antibodies (Cell Signaling
Technology, Danvers, MA) and image analysis of immunofluo-
rescence datawere described (12, 21–23). Briefly, fields of inter-
estwere captured and saved inAdobePhotoshop. Pictureswere
scanned using UN-SCAN-IT software (Silk Scientific, Orem,
UT) by choosing 3–5 representative fields for each picture.
Light intensity in each field was digitized, and average pixel
density for P2X7 per field was determined using the program
software. Data are presented in terms of P2X7 pixel density
averaged over the number of cells per field (determined by 4�,6-
diamidino-2-phenylindole-stained nuclei (22)).
Cell Cultures, Transfections, Immunoprecipitation, Western

Blots, and Apoptosis Assays—Primary cultures of human ecto-
cervical-vaginal epithelial cells (hEVEC), a well characterized
model of the normal human ectocervical epithelium, were gen-
erated from discarded normal ectocervical-vaginal tissues as
described (42). Cultures of normal human keratinocytes were
generated from discarded foreskins that were obtained follow-
ing nonritual circumcision of newborn males at the nursery of
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the Department of Obstetrics andGynecology, University Hos-
pital CASEMedical Center. Tissueswere obtained according to
approved IRB protocols 12-03-50, 03-90-300, and 08-06-28.
The human cervical epithelial cancer HeLa cells, HEK293 cells,
and Madin-Darby canine kidney cells (MDCK, strain II) were
obtained from the ATCC. HEK293 and MDCK cells lack
endogenous expression of the P2X7 receptor. MDCK cells
expressing tetracycline-regulated repressor (21) were used for
heterologous transfection expression experiments. For induci-
ble expression of P2X7 receptors in MDCK cells, the human
P2X7 gene (NM_002562), including aMyc tag attached to theN
terminus, was subcloned into pcDNA4/TO vector (Invitrogen)
with HindIII and NotI sites. Primers, the method of transfec-
tions, and the generation of stable MDCK clones were
described (21). Stable clones were maintained in tetracycline-
free medium and 100 �g/ml Zeocin. Expression of Myc-P2X7
genes was induced by treatment with 100 ng/ml doxycycline,
and expression of Myc-P2X7 protein in stable MDCK cells was
confirmed by RT-PCR (21). Methods of cell cultures were
described (12).
Immunoprecipitation using the anti-Myc antibody (Santa

CruzBiotechnology, SantaCruz, CA)was described (21).West-
ern blots on cell lysates using the anti-Myc or anti-P2X7 anti-
body or anti-tubulin antibody (from theDevelopmental Studies
HybridomaBank,University of Iowa, IowaCity)were described
(16). Apoptosis was quantified using the cell death detection
ELISA kit (Roche Applied Science) (16).
P2X7-Antisense Oligonucleotides—P2X7-specific antisense

oligonucleotides (ASO) and random control oligonucleotides
(RCO) were designed from the published sequence of the
human P2X7 gene (NM_002562). The sequences of the 20-mer
ASO that would hybridize to the coding region of exon 7 (nt
724–741) and the RCO are shown in Table 1. In the RCO the
antisense sequence was randomly replaced with adenine and
thymine residues so that the oligonucleotides had the same
length (20-mer) and GC content (33%) as the ASO. The RCO
was designed such that no cross-hybridization against the P2X7

gene would occur. To assess the
effects of the ASO and RCO on
P2X7 mRNA expression, cultured
cells were treated with or without
ASO or RCO at concentrations of
10�M. qPCRassayswere carried out
after 2 days, and Western blots
and apoptosis determinations were
made after 3 days.
3�-UTR-P2X7 Assays—Fig. 1, top,

showsthesequenceof the3�-untrans-
lated region (3�-UTR, 1272 nt) of the
human P2X7 gene (NM_002562).
Vertical lines in Fig. 1, top, within
the 3�-UTR P2X7 sequence indicate
subregions of the 3�-UTR (Seg-
ment-1, nt 1–297; Segment-2, nt
298–776; Segment-3, nt 777–1272;
Fig. 1, bottom). Primers for amplifi-
cation of the segments are shown in
Table 1. The corresponding cDNAs

were synthesized by reverse transcription using human kerati-
nocyte RNA as the template and oligo(dT) (16) as the primer.
The full-length P2X7 3�-UTRwas cloned by digestion of the two
PCR fragments with XbaI and StuI and ligation of the products
into pGL3 promoter luciferase reporter vector (SV40 pro-
moter, Promega, Madison, WI), containing XbaI-5� and
XbaI-3� sites, using the rapid ligation kit (Roche Applied Sci-
ence). P2X7 3�-UTR Segments 1–3 were cloned by digestion
with XbaI and ligation into the same vector.
Primers for experiments testing putative miR-186 and miR-

150 target regionswithin the humanP2X7 3�-UTR are shown in
Table 1. Each complementary pair of primers was ligated into
the pGL3 promoter vector XbaI site and cloned as described
above. All constructs were confirmed by sequencing.
Control plasmids or test plasmids (P2X7-3�-UTR full-length

luciferase, P2X7-3�-UTR-Segment-1-luciferase, P2X7-3�-UTR-
Segment-2-luciferase, or P2X7-3�-UTR-Segment-3-luciferase)
were transfected into hEVEC orHeLa cells. Cells were plated in
6-well plates at a density of 2�105 cells per well, resulting in
subconfluent cultures. After 14 h of incubation the culture
mediumwas replaced with freshmedium plus 100 �l of serum-
free medium (per well) containing 2.5 �l of FuGENE 6 (Roche
Applied Science) and 750 ng of DNA of the control or test
vectors. After 48 h cells were shifted to fresh medium lacking
plasmids, and at times 0, 3, and 6 h, cells were harvested in RNA
lysis buffer (Qiagen, Valencia, CA; RNeasymini kit). Total RNA
was extracted, and luciferase mRNA levels were determined by
the one-step real time RT-PCR using the primers described in
Table 1. qPCR assays utilized 600 ng of RNA/sample as
described (22, 23).
Real Time PCR—Total RNA from tissues or from cultured

cells was extracted by RNeasy mini kit (Qiagen, Valencia, CA),
and one-step real time qPCR was carried out as described (22,
23). Primers for the P2X7, E-cadherin, and cytokeratin-18 (CK-
18) (used for data normalization) and PCR conditions were
described (22, 23). Relative quantification (RQ) was calculated
usingApplied Biosystems SDS software (Foster City, CA) based

FIGURE 1. A, sequence of the human P2X7 3�-UTR. Vertical lines within the sequence delineate subregions
(segments) of the 3�-UTR that were subcloned into reporter plasmids to test RNA stability. Sequences in bold
are putative target sites for miR-186 (end of Segment-2) and miR-150 (middle of Segment-3). Underlined are
putative sites within the target that base pair with the seed sequence of the respective miRNAs. B, schema of
the full-length human P2X7 3�-UTR with its division into Segments 1–3, and the putative target sites for miR-186
and miR-150.
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on the equationRQ� 2���Ct, whereCt is the threshold cycle to
detect fluorescence.
Micro-RNA in SituHybridization—Pre-designedmiRCURYTM

in situ detection probes for miRNA-186, miRNA-150, and
U6 snRNA were obtained from Exiqon Inc. (Woburn, MA).
Cells (2�105) were plated on Lab-Tek chamber slides (Nalge
Nunc International, Rochester, NY) and cultured at 37 °C over-
night. Cells were rinsed with PBS (pH 7.4) and fixed for 10 min
in paraformaldehyde (4% in PBS). For deproteinization, cells
were washed twice for 5 min at 37 °C in PBS, incubated for 10
min at 37 °Cwith 10�g/ml proteinase K (in 5mMTris, 13.8mM
NaCl, 0.27 mM KCl), washed for 30 s with 0.2% glycine in PBS,
and twice (30 s) with PBS. Cells were fixed again for 10 min in
4% paraformaldehyde and rinsed twice for 5 min in PBS. For
prehybridization, cells were incubated for 2 h at 55 °C in a
humidified chamber in 0.5 ml of hybridization buffer (com-
posed of 50% formamide, 5� SSC (150 mM NaCl plus 15 mM
sodium citrate), 0.1% Tween 20, 9.2 mM citric acid (pH 6), 50
�g/ml heparin, 500 �g/ml yeast RNA). For hybridizations,
probes (miR-186,miR-150, andU6 [Applied Biosystems, Foster
City, CA]) were diluted to 200 nM in hybridization buffer. Slides
containing cells were incubated in 500 �l of hybridization mix
per slide,with a set of a negative control (blank, no probe added)
and a positive control (U6 snRNA). Cells were hybridized over-
night at 55 °C in a humidified chamber, rinsed in 2� SSC at
55 °C and three times for 30min in 2� SSCplus 50% formamide
at 55 °C, followed by 5-min washes at room temperature in
PBST (PBS plus 0.1% Tween 20). For immunological detection,
hybridized cells were blocked for 1 h at 23 °C in blocking buffer
(10 mg/ml bovine serum albumin in PBST), followed by incu-
bation overnight at 23 °C in a humidified chamber at 4 °C with
1:200 anti-digoxigenin-AP antibody (Fab fragments, Roche
Applied Science). Slides were washed five times at 23 °C for 5
min in PBST; 0.5 ml of AP-substrate (Roche Applied Science,
catalog number11442074001)was added in a humidified cham-
ber for 4 h of incubation at 23 °C in the dark. Slideswerewashed
three times for 5min in PBST andmounted in aqueousmount-
ing medium. Staining was evaluated using Nikon Eclipse 80i
microscope, and image analysis of the staining was done as
described above.
Micro-RNA Real Time RT-PCR—Human endometrial tis-

sues were homogenized by grinding with mortar and pestle
under liquid N2. Cultured cells were harvested off the plates by
pipetting. Total RNA from the lysates of the endometrial tissues
or the cultured cells was isolated using the mirVana miRNA
isolation kit (Ambion, supplied by Applied Biosystems, Foster
City, CA) according to the supplier’s instructions. Purity and
concentration of the samples were assessed by spectrophotom-
etry. Real time PCRquantification ofmiRNA-186,miRNA-150,
and U6 snRNA (endogenous control) was performed following
the protocol described for the mirVanaTM qRT-PCR miRNA
detection kit from Ambion, using 7500 real time PCR system
instrument (Applied Biosystems, Foster City, CA). PCRs were
performed in triplicate using specific mirVanaTM qRT-PCR
primer sets for miRNA-150, miRNA-186, or U6. The assay
includes two steps as follows: RT to synthesize cDNA from
miRNA and PCR amplification. For RT, the reaction master
mixture containing 5� RT Buffer, 1� RT Primers, 5� Array-

Script Enzyme Mix, and nuclease-free water were mixed with
2.5�g of total RNA in a 50-�l volume.Mixtureswere incubated
for 30 min at 37 °C in a thermal cycler and then for 10 min at
95 °C to inactivate the ArrayScript and cooled to 4 °C to stop
the reaction. Real time PCR was done using QuantiTect SYBR
Green RT-PCR kit (Qiagen). The reaction containing 2�
QuantiTect SYBR Green RT-PCR Master Mix, 10� primer
mix, 100 ng of RT product, and nuclease-free water in a 20-�l
volume was processed as follows: 95 °C for 10 min, 40 cycles of
95 °C for 15 s, and 60 °C for 60 s (repeated three times). Relative
quantification was calculated as described above, and miRNAs
data were calculated in terms of Ct and normalized to U6 RNA.
miR-186 and miR-150 Inhibition and Mimics Assays—As-

says utilized Ambion AM4510 kit and miR-186 and miR-150
inhibitors and mimics (Ambion, Austin TX) according to the
supplier’s instructions. Immediately prior to performing the
assays, two solutionswere prepared as follows: a 1:50mixture of
siPORTNeoFX transfection agent inOpti-MEMmediumand a
mixture of 6.25 nMmiR-186 ormiR-150 inhibitors ormimics in
300 �l of Opti-MEM medium (per well). The two solutions
were mixed; 600 �l of the combined mixture were dispensed
into each well of an empty 6-well culture plate, and cells were
added into each well for assays.
For effects of miRNAs inhibitors on P2X7 mRNA stability,

hEVEC or HeLa cells (2.5�105 in 2 ml culture medium) were
added into each well, and cultures were incubated at 37 °C for
48 h. Cells were harvest in RNA lysis buffer for total RNA and
qPCR determinations of P2X7 mRNA (normalized to CK-18).
The efficiency ofmiR-186 andmiR-150 inhibitors transfections
was tested using PTK9 mRNA assays (supplied with the kit)
(not shown).
Effects of mimics and inhibitors of miR-186 and/or miR-150

on 3�-UTR-P2X7 stability were determined in HEK293 cells
heterologously expressing the full-length 3�-UTR-P2X7.
HEK293 cells (1�105/ml) were co-transfected in 12-well plates
using the siPORTneoFX protocol (Ambion). For eachwell, 400
ng of the pGL3/P2X7-3�-UTR report vector, 12 ng of a control
vector containing Renilla luciferase and pRL-CMV (Promega),
and 10 nM mimics or inhibitors of miR-186 and/or miR-150
(Ambion) were used. Firefly and Renilla luciferase activities
were measured consecutively by using dual-luciferase reporter
assay system (Promega) 48 h after transfection. 3�-UTR-P2X7-
dependent luciferase activity was determined in terms of
Fluc/Rluc.
Data Analysis—Data were analyzed using GraphPad Instat,

GraphPad Software Inc., San Diego, CA. Significance of differ-
ences among groups was estimated by t test, or by one-way or
two-way analysis of variance with Tukey-Kramer multiple
comparisons post test analysis or the Dunnett’s test.
Supplies—All chemicals, unless specified otherwise, were

obtained from Sigma.

RESULTS

P2X7 Protein and mRNA Levels in Normal and Cancer Epi-
thelial Cells—Fig. 2A shows immunoreactivity to anti-P2X7
antibody of tissue cross-sections obtained from four patients
with ectocervical (panels a–d), endometrial (panels e–h), blad-
der (panels i–l), and breast cancers (panels m–p). In each case
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tissues were obtained from a site that included the cancerous
tissue and from an adjacent histologically normal site. Tissues
were co-immunostained with anti-P2X7, plus anti-E-cadherin
or anti-CK-18 antibodies. Immunostaining with anti-E-cad-
herin and anti-CK-18 antibodies was used to identify the epi-
thelial component of the tissue, because the P2X7 receptor is
expressed predominantly by epithelial cells (22, 23). The ecto-
cervical and endometrial data (Fig. 2A, panels a–h) confirmed
previous reports (22, 23), whereas the bladder and breast tissue
data are novel. In the normal tissues P2X7 immunoreactivity
was localized mainly within the epithelial component (Fig. 2A,
panels a and b, e and f, i and j, andm and n), and in the case of
the ectocervix predominantly in the basal-parabasal layers (Fig.
2A, panels a and b).
In all cases P2X7 immunoreactivitywas reduced in the cancer

tissues (Fig. 2A, panels d, h, l, and p) compared with the normal
tissues (Fig. 2A, panels b, f, j, and n). Semi-quantitative analysis
of P2X7 immunostaining data in four cases of ectocervical can-
cers showed a 2.3-fold lower P2X7 immunostaining density in
the cancer tissues than in the normal tissues from the same
patients (Fig. 2B).
Fig. 2C shows qPCR data of P2X7 mRNA in normal and can-

cer ectocervical tissues. When normalized to E-cadherin
mRNA, P2X7 mRNA in cancer ectocervical tissues was 10-fold

lower than P2X7 mRNA levels in
normal and ectocervical tissues.
Similar data were obtained in cul-

tures of human normal (hEVEC)
and cancer (HeLa) cervical epithe-
lial cells. P2X7 immunoreactivity
was lower in HeLa than in hEVEC
cells (Fig. 2D) by 2.2-fold (Fig. 2E),
and P2X7 mRNA (normalized to
E-cadherin mRNA) was 10-fold
lower in HeLa than in hEVEC cells
(Fig. 2F). These data confirm (22,
23) that P2X7 protein and mRNA
levels are lower in cancer epithelial
tissues compared with normal epi-
thelial cells.
Requirement and Specificity of the

P2X7 Receptor for BzATP-related
Apoptosis—It was previously sug-
gested that the P2X7 mechanism
controls growth of epithelial cells
through activation and modulation
of apoptosis (12, 15). To test this
hypothesis more directly, experi-
ments utilized MDCK cells, which
lack endogenous expression of the
P2X7 receptor (21). MDCK cells
were transfected with doxycycline-
inducible reporter containing the
human full-length P2X7 receptor
tagged with N-Myc at the N termi-
nus (N-Myc-hP2X7-MDCK), and
stable transfectants were used for
experiments. Laser-confocal micro-

scopy of doxycycline-treated N-Myc-hP2X7-MDCK cells
showed P2X7 immunoreactivity decorating the plasma mem-
brane (Fig. 3A). Western blots of doxycyline-treated N-Myc-
hP2X7-MDCK cell lysates revealed immunoreactivity of a
75-kDa formwith anti-P2X7 antibody (Fig. 3B, lanes a and b). In
Fig. 3B, lane b, immunoblotting in the presence of the P2X7
antigen (21) blocked the 75-kDa immunoreactivity (data not
shown; see Ref. 21), indicating the specificity of the immunore-
activity. Specificity of the 75-kDa immunoreactivitywas further
demonstrated by immunoprecipitation of lysates of doxycy-
line-treated N-Myc-hP2X7-MDCK cells with the anti-Myc
antibody followed by immunoblotting with the anti-P2X7 anti-
body, demonstrating again the 75-kDa immunoreactivity (Fig.
3B, lane c). Treatment ofN-Myc-hP2X7-MDCK cells with anti-
sense P2X7 oligonucleotides inhibited expression of the 75-kDa
P2X7 receptor (Fig. 3B, lanes d and e). These data suggest that
the transfected N-Myc-hP2X7 receptor is properly inserted
into the plasma membrane of MDCK cells and is expressed in
the form of the functional 75-kDa receptor (21).
To test the effect of heterologous expression of the human

full-length P2X7 receptor in MDCK cells on base-line and ago-
nist-induced apoptosis, N-Myc-hP2X7-MDCK cells were
treated with the P2X7-specific agonist 2�,3�-0-(4-benzoylben-
zoyl)-adenosine 5�-triphosphate (BzATP). In wild-typeMDCK

FIGURE 2. A, tissue cross-sections from four patients with ectocervical squamous carcinoma (panels a– d),
endometrial adenocarcinoma (panels e– h), bladder transitional cell carcinoma (panels i–l), and breast ductal
adenocarcinoma (panels m–p). Tissues were co-immunostained with anti-P2X7 plus anti-E-cadherin or with
anti-P2X7 plus anti-CK-18 antibodies (10 times). Data are representative of a total of 12 similar cases. B, semi-
quantitative analysis of P2X7 immunostaining in four cases of ectocervical cancers. C, qPCR data of P2X7 mRNA
(normalized to E-cadherin mRNA) in normal (n � 4) and cancer (n � 3) ectocervical tissues. D, immunostaining
with anti-P2X7 antibody of cultured hEVEC and HeLa cells (20 times). E, semi-quantitative analysis of P2X7
immunostaining in hEVEC and HeLa cells. F, qPCR data of P2X7 mRNA (normalized to E-cadherin mRNA) in
hEVEC and HeLa cells. Experiments D–F were repeated five times. B, C, E, and F, *, � p � 0.001 compared with
normal tissues or hEVEC cells.
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cells (WT-MDCK), treatment with BzATP did not affect base-
line steady-state levels of apoptosis (Fig. 3C). In contrast, base-
line apoptosis of N-Myc-hP2X7-MDCK cells was 1.5-fold
greater than of WT-MDCK cells (probably induced by ATP
secreted by the cells (1, 5)), and treatment with BzATP aug-
mented the apoptosis 2.5-fold (Fig. 3D). Treatments with anti-
sense P2X7 oligonucleotides or with random control P2X7 oli-
gonucleotides in WT-MDCK cells had no effect on apoptosis
(Fig. 3C). In contrast, treatment of N-Myc-hP2X7-MDCK cells
with antisense P2X7 oligonucleotides (but not with random-
control P2X7 oligonucleotides) inhibited both the base-line
apoptosis and the BzATP-augmented apoptosis (Fig. 3D).
These data indicate that the P2X7 receptor is an important
mediator of BzATP-dependent apoptosis.
Stability of a P2X7-3�-UTR-LuciferaseConstruct—To test the

hypothesis that regions in the 3�-UTR of the P2X7 gene confer
instability to the transcript, we examined a series of reporter
constructs in transient transfection assays containing different
regions of the P2X7 3�-UTR. In the first experiment a cDNA
stretch corresponding to the entire 3�-UTR region of the
human P2X7 gene (nt 1–1272; Fig. 1A) was ligated to the SV40
promoter-luciferase reporter vector, and the plasmid was
transfected into hEVEC or HeLa cervical epithelial cells. Con-
trol experiments included cells transfected with the luciferase
reporter vector only.After 48 hof transfection cellswere shifted
to fresh medium lacking added plasmids, and at times 0, 3, and
6h cellswere harvested; total RNAwas extracted, and luciferase

mRNA levels were determined by
one-step real time RT-PCR. qPCR
data of luciferase mRNA (in terms
of Ct, relative to CK-18 mRNA)
were normalized to 0-h results.
In cells transfected with the con-

trol luciferase reporter vector,
steady-state levels of luciferase
mRNA changed relatively little (Fig.
4A). In hEVEC cells transfected
with the entire length of 3�-UTR-
P2X7-luciferase vector, steady-state
levels of luciferase mRNA increased
significantly over the 6-h incubation
period. In contrast, in HeLa cells
transfected with that vector lucifer-
ase mRNA decreased significantly
(Fig. 4B).
To test whether the differences in

steady-state levels of the P2X7-3�-
UTR-luciferase construct in HeLa
versus the hEVEC cells involve
modulation of transcription of the
luciferase reporter vector, the ex-
periments were repeated with the
addition of the transcription inhibi-
tor actinomycin-D. Treatment with
10 �M actinomycin-D did not show
significant additional effects (Fig.
4B), suggesting that the lower
steady-state levels of the P2X7-3�-

UTR-luciferase construct in HeLa cells compared with the
hEVEC cells are not the result of decreased transcription but
rather increased instability of the construct.
To better understand the instability of the 3�-UTR-P2X7-

luciferase construct in HeLa cells, the 3�-UTR of the human
P2X7 gene was divided into three segments (Segment-1, nt
1–297; Segment-2, nt 298–776; and Segment-3, nt 777–1272)
(Fig. 1, A and B). cDNA corresponding to the three segments
was generated, and luciferase mRNA levels were determined at
0, 3, and 6 h.
In hEVEC cells transfected with vectors containing Seg-

ment-1 or Segment-3, luciferase mRNA increased, whereas in
HeLa cells it decreased (Fig. 4, C and E) similar to changes in
cells transfected with the vector containing the full-length
3�-UTR-P2X7 (Fig. 4B). In cells transfectedwith the vector con-
taining Segment-2, luciferase mRNA decreased both in hEVEC
and HeLa cells, but the decrease in HeLa cells occurred earlier
and was greater than in hEVEC cells (Fig. 4D). Collectively, the
data in Fig. 4 show greater instability of the overexpressed full-
length P2X7 3�-UTR reporter and each of the Segments 1–3
reporters in the cancer epithelial cells compared with the nor-
mal epithelial cells.
Stability of Constructs with SequencesMatchingmiR-186 and

miR-150—Bioinformatic analysis identified putative miRNA
target sites within the human P2X7 3�-UTR. In this study we
examined the role of miR-186 and miR-150 on P2X7 mRNA
stability (sequences shown inTable 1). A putative target ofmiR-

FIGURE 3. Heterologous expression in MDCK cells of the human full-length P2X7 and effects of treat-
ments with BzATP on apoptosis. Cells were transfected with the human full-length P2X7 receptor Myc-
tagged at the N terminus (N-Myc-hP2X7-MDCK), and expression of the receptor was induced by treatment with
doxycycline. Cells were also co-treated with the vehicle (Control); with antisense P2X7 oligonucleotides (ASO),
or with random-control P2X7 oligonucleotides (RCO). A, P2X7 immunoreactivity in control cells captured by
laser confocal microscopy at the planar (panel a) and vertical (panel b) axes. B, Western immunoblots of lysates
of N-Myc-hP2X7-MDCK cells using the indicated antibodies. Expression of the P2X7 receptor was induced by
treatment with doxycycline, and cells were treated with P2X7 RCO or ASO as indicated. In lane c lysates were
immunoprecipitated (IP) with the anti-Myc antibody and immunoblotted (IB) with the anti-P2X7-antobody. In
lanes d and e, membranes were reprobed and immunoblotted with anti-tubulin antibody (T), showing equal
protein gel loading. Experiments repeated three times. C and D, levels of apoptosis (arbitrary units (AU)) in
wild-type (WT) MDCK cells or in N-Myc-hP2X7-MDCK cells. Treatments included P2X7 RCO or ASO and BzATP
(100 �M, 8 h) as indicated. Shown are means � S.D. of three experiments repeated in triplicates. * � p � 0.05
compared with Control WT-MDCK; ** � p � 0.01 compared with control N-Myc-hP2X7-MDCK.
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186 was found at the end of Segment-2 of the human P2X7
3�-UTR, and a putative target of miR-150 was found in the
middle of Segment-3 (Fig. 1, A, bold letters, and B).
To test the potential role of miR-186 and miR-150 in the

regulation of P2X7 mRNA, we studied the stability of luciferase
constructs attached to short segments of the P2X7 3�-UTR con-
taining the putative target sites. In addition, short stretches
within the putative target sites of each of the twomiRNAs were
mutated to disrupt the region of base pairing between the
miRNA and target, and the stability of the reporters carrying
the mutated 3�-UTRs was tested. For miR-186, the TCT was
changed to AGA, and for miR-150 the GGG was changed to
CCC in the putative target sites (Fig. 5A, underlined).

Luciferase mRNA levels in hEVEC cells transfected with
reporter containing thewild-typemiR-186 target site decreased
slightly (Fig. 5B, E). In contrast, luciferase mRNA increased in
hEVEC cells transfected with reporter containing the mutated
miR-186 target site (Fig. 5B, �). Luciferase mRNA levels
decreased in HeLa cells transfected with reporter containing
either the wild-type miR-186 target site (Fig. 5B, F) or the
mutated miR-186 target site (Fig. 5B, Œ), but at 3 h the 3�-UTR
containing the mutated 186 target site was significantly more
abundant than the wild type. Luciferase mRNA levels did not
change significantly in hEVEC cells transfected with reporter
containing either the wild-type miR-150 target site (Fig. 5C, E)

or the mutated miR-186 target site
(Fig. 5C,�). LuciferasemRNA levels
decreased in HeLa cells transfected
with reporter containing either the
wild-type miR-150 target site (Fig.
5C, F) or the mutated miR-150 tar-
get site (Fig. 5C, Œ), but at 6 h the
3�-UTR containing the mutated
miR-150 target site was more abun-
dant than the wild type. Collec-
tively, the data in Fig. 5 indicate
that regions within Segment-2 and
Segment-3 of the human P2X7
3�-UTR, which contain the miR-
186 and miR-150 target sites,
respectively, confer instability to
the P2X7 transcript.
Cellular Levels of miR-186 and

miR-150 Are Higher in Cancer than
in Normal Cultured Cervical Cells—
In situ hybridization assays revealed
a significantly stronger perinuclear-
cytoplasmic staining for both miR-
186 and miR-150 in HeLa cells than
in hEVEC cells (Fig. 6A). Semi-
quantification of the in situ staining
density showed 2.2-fold greater
pixel density per cell for miR-186 in
HeLa than in hEVEC cells and a 1.7-
fold greater pixel density per cell for
miR-150 in HeLa than in hEVEC
cells (Fig. 6B).

The in situ hybridization data for
miRNAs were confirmed using miRNA qPCR assays. The dis-
sociation-temperature curves for miR-150 (Fig. 7A), miR-186
(Fig. 7B), and U6 RNA yielded monophasic single peaks at
77.5 °C for miR-150 and miR-186, and at 81 °C for U6, indicat-
ing the generation of single PCR products. The miRNAs qPCR
data (Fig. 7C) showed a 1.7-fold higher miRNA-150/U6 ratio in
HeLa cells compared with hEVEC cells and a 2.9-fold higher
miRNA-186/U6 ratio in HeLa cells compared with hEVEC
cells. Collectively, the data in Fig. 6 and Fig. 7, A–C, indicate
that steady-state cellular levels of miR-186 and miR-150 are
higher in the cancer HeLa cells than in the normal hEVEC cells.
miR-186 andmiR-150Levels AreHigher in Endometrial Can-

cer Tissue than in Normal Endometrium—Levels of miR-186
andmiR-150 were also determined in human endometrial can-
cer and normal tissues. The endometriumwas chosen as a pro-
totype example because it is embryologically related to the cer-
vix, and because it is relatively easy to dissect and collect the
epithelial components of normal and cancerous endometrial
tissues. Discarded surgical uterine tissues were obtained from
two patients with endometrial endometrioid (type I) adenocar-
cinomas. In each case fresh samples were collected from a site
that included the cancerous tissue and from an adjacent mac-
roscopic (and histologically confirmed) normal endometrial
site. The miRNAs qPCR data showed that in both cases miR-
186 and miR-150 levels in the cancer tissues were higher than

FIGURE 4. Steady-state levels of luciferase mRNA (relative to CK-18 mRNA) in hEVEC and HeLa cells. Cells
were transfected with either the control luciferase reporter vector (A); the full-length 3�-UTR-P2X7--luciferase
vector (B); or Segment-1 (C), Segment-2 (D), or Segment-3 (E) of the 3�-UTR-P2X7--luciferase vector. B, cells in
some cultures were treated for 0, 3, and 6 h with 10 �M actinomycin-D. Shown are means � S.D. of 2–3
experiments repeated in triplicate. * � p � 0.05– 0.01.
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those in the normal tissues. Thus, miR-186 levels in the cancer
tissueswere 2.2- and 10.6-fold higher than in the corresponding
normal tissues, and miR-150 levels in the cancer tissues were
9.0- and 31.1-fold higher than in the corresponding normal
tissues (Fig. 7D). These data suggest that steady-state cellular
levels of miR-186 and miR-150 are higher also in the endome-
trial cancer cells than in the normal endometrial cells in vivo.
miR-186 and miR-150 Modulation of P2X7 mRNA and

3�-UTR-P2X7 Stability—To test more directly the hypothesis
that miR-186 and miR-150 confer instability to the P2X7 tran-
script, hEVEC and HeLa cells were transfected with specific
inhibitors of the miRNAs. In hEVEC cells, transfections with
themiR-186 inhibitor increased P2X7mRNA levels by 40% and
transfections with the miR-150 inhibitor increased P2X7
mRNA levels by 44% (Fig. 8A). In HeLa cells, transfections with
the miR-186 inhibitor had no significant effect on P2X7 mRNA
levels, whereas transfections with the miR-150 inhibitor
increased P2X7 mRNA levels by 17% (Fig. 8A).
To better understand how miR-186 and miR-150 regulate

stability of the P2X7 transcript, HEK293 cells transfected with
the full-length 3�-UTR-P2X7--luciferase vector plus the Renilla
luciferase and pRL-CMV vectors were also co-transfected with
mimics or inhibitors of the miR-186 or/andmiR-150. Effects of
the mimics and inhibitors on 3�-UTR-P2X7-dependent lucifer-
ase activity were determined in terms of Firefly/Renilla lucifer-
ase activity (Fluc/Rluc) 48 h after transfection, and data were

normalized to steady-state Fluc/Rluc activity in nontreated
cells (vehicle only).
Transfections with mimics for miR-186 and for miR-150

decreased Fluc/Rluc activity by 20 and 27%, respectively,
whereas transfections with mimics for miR-186 plus miR-150
decreased Fluc/Rluc activity by 32% (p � 0.01 compared with
control, Fig. 8B). The combined effect of themiR-186 plusmiR-
150 mimics was greater than the effect of the miR-186 mimic
alone (Fig. 8B, p � 0.01).

Transfections with inhibitors for miR-186 and for miR-150
increased Fluc/Rluc activity by 11 and 21%, respectively,
whereas transfections with inhibitors for miR-186 plus miR-
150 increased Fluc/Rluc activity by 30% (p � 0.01 compared
with control, Fig. 8B). The combined effect of miR-186 plus
miR-150 inhibitors was greater than the effect of the miR-186
inhibitor alone (Fig. 8B, p � 0.01).

A detailed time course analysis of the effects of miR-186 and
miR-150 mimics on the stability of the 3�-UTR-P2X7 is shown
in Fig. 9. HEK293 cells transfected with the full-length 3�-UTR-
P2X7-luciferase vector were co-transfected with mimics of the
miR-150 and miR-186 alone or together. After 48 h cells were
treated with 5 �M actinomycin-D for 6 h, a treatment that in
preliminary experiments was shownnot to affect the viability of
the cells or the steady-state levels of GAPDH. At times t � 0, 2,
4, and 6 h post-treatment, luciferase mRNA (relative to
GAPDH) was determined by qPCR. In the presence of actino-

TABLE 1
Sequences of P2X7 oligonucleotides, miR-186 and miR-150, and primers for P2X7 3�-UTR and luciferase
The underlined segments within the miR-186 andmiR-150 sequences are the putative seed sequences that base pair with their respective targets.

P2X7 oligonucleotides Anti-sense (ASO)     TTTCAGATGTGGCAATTCAG 
Random-control (RCO) TATCACATCTCGCAATAGAC 

Full-length 
 Fragment one (and Segment-1) 
 XbaI For.5’–TTTTTTCTAGAAGCCAGGCACCGTGGCTCACGTCTGTAA–3’ 
       Rev.5’-AGCCAGGATGAAAAGGGTTT–3’ 
 Fragment two 
  For.5’–CTGTCCCCAGGAAGTTGTGT–3’ Xba I 
    Rev.5’–TTTTTTCTAGATTTTTTTTTTTTTTTGAGATGGAGTCTCGCTCTGTCACCCAGC–3’
Segment-2 
 XbaI-2 For.5’–TTTTTTCTAGAGAGTCCTTACCAATAGCAGGGGCT–3’ 
 XbaI-2 Rev.5’–TTTTTTCTAGACAAAGAATTTGTGGCCACCTTTAGT–3’ 
Segment-3 
 XbaI-3 For.5’–TTTTTTCTAGAACACTCAAGTCCCCCAAGACCTAAG–3’ 
 XbaI-3 Rev.5’–TTTTTTCTAGATTTTTTTTTTTTTTTGAGATGGAGTCTCGCTCTGTCACCCAGC–
3’ 
Wild-type miR-186 target site 
 For.5’–CTAGAATGTGGAGAACTAAAGGTGGCCACAAATTCTTTGACACTT-3’ 
 Rev.5’-CTAGAAGTGTCAAAGAATTTGTGGCCACCTTTAGTTCTCCACATT-3’
Mutated miR-186 target site 
 For.5’–CTAGAATGTGGAGAACTAAAGGTGGCCACAAATAGATTGACACTT-3’ 
 Rev.5’–CTAGAAGTGTCAATCTATTTGTGGCCACCTTTAGTTCTCCACATT-3’ 
Wild-type miR-150 target site 
 For.5’–CTAGAGCTCACACCTGTAATCCCAGCACTTTGGGAGACCAAGT-3’ 
 Rev.5’-CTAGACTTGGTCTCCCAAAGTGCTGGGATTACAGGTGTGAGCT-3’ 

Primers, P2X7 3’-UTR 

Mutated miR-150 target site 
 For.5’-CTAGAGCTCACACCTGTAATCCCAGCACTTTCCCAGACCAAGT-3’ 
 Rev.5’-CTAGACTTGGTCTGGGAAAGTGCTGGGATTACAGGTGTGAGCT-3’

Primers, luciferase  For.5’-TATGAAGAGATACGCCCTGGTT-3’ 
 Rev.5’-GCCCATATCGTTTCATAGCTTC-5’ 

miR-186 sequence   5’-CAAAGAATTCTCCTTTTGGGCTT-3’

miR-150 sequence  5’–TCTCCCAACCCTTGTACCAGTG-3’
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mycin-D, luciferase mRNA levels in cells transfected only with
the 3�-UTR-P2X7-luciferase reporter decreased in a time-re-
lated manner over the 6-h incubation period by about 60% (t1⁄2
�82 min). Co-transfections with either miR-186 or miR-150
mimics resulted in greater (about 70%, p � 0.05) and faster (t1⁄2
�75min, p� 0.05) decreases in luciferasemRNA levels (Fig. 9).
Co-transfections with both miR-186 plus miR-150 mimics
decreased luciferase mRNA levels by about 80% (t1⁄2 �71 min;
p � 0.05 for both compared with co-transfections with miR-
186 ormiR-150 alone) (Fig. 9). The combined effect ofmiR-186
plus miR-150 mimics suggests an additive effect of the two
mimics (Fig. 9).

DISCUSSION

The objective of this studywas to gain a better understanding
of the regulation of P2X7 mRNA expression. This question is
biologically and clinically important because P2X7-mediated

apoptosis controls the growth of epithelial cells (12, 15), and
expression of P2X7 mRNA and protein are lower in uterine
endometrial and cervical precancerous and cancer epithelial
cells compared with normal epithelial cells (22, 23). In this
study we made the novel observation that the P2X7 receptor is
also reduced in epithelial cancers of the bladder and breast.We
found that sequences within the 3�-UTR-P2X7 were putative
target sites formiR-186 andmiR-150, and our data show for the
first time that both elements conferred instability to the P2X7
transcript. The data showedmore abundant expression ofmiR-
186 and miR-150 in cancer than in normal cells, both in vivo
and in cultured cells in vitro, and transfectionwithmiR-186 and
miR-150 inhibitors increased P2X7 mRNA, predominantly in
the normal cells. In the host HEK293 cells, which lack endoge-
nous expression of the P2X7 and which were transfected with
the luciferase full-length 3�-UTR-P2X7 reporter, co-transfec-
tion with miR-186 and miR-150 mimics decreased, whereas
co-transfection with inhibitors of the miRNAs increased the
luciferase activity. Also, co-treatment with actinomycin-D did
not have a significant effect in that system, suggesting that the
changes in the P2X7-3�-UTR-luciferase mRNA expression are
not the result of decreased transcription but rather increased
instability of the construct. These data indicate that miR-186
and miR-150 confer instability to P2X7 mRNA by activation of
miR-186 and miR-150 instability target sites located at the
3�-UTR-P2X7, and suggest that activation of the miRNAs sites
decrease P2X7 mRNA levels possibly by stimulating degrada-
tion of the transcript. Based on these findings we suggest that
the low steady-state levels of P2X7 mRNA in cancer epithelial
cells, which can contribute to cancer growth through abroga-
tion of P2X7-dependent apoptosis, are the result of increased
expression ofmiR-186 andmiR-150 that stimulate degradation
of the P2X7 transcript.

The data showed that regions within the P2X7 3�-UTR deter-
mine the stability of the transcript, but the degree of stability of
the P2X7 transcript depended on the cell type. Thus, overex-
pression of a full-length 3�-UTR-P2X7 reporter, or reporters
containing the proximal (Segment-1) or distal (Segment-3)
parts of the 3�-UTR-P2X7 were associated with increased sta-
bility of the construct in normal cells and decreased stability in
cancer cells. In contrast, overexpression of a reporter contain-
ing the middle (Segment-2) part of the 3�-UTR-P2X7 was asso-
ciated with decreased stability both in normal and in cancer
cells. In both cell types we used the same reporter genes, and
given the fact that the structure of the P2X7 3�-UTR is identical
in hEVEC (normal) and HeLa (cancer) cells,3 the hypothesis is
that the differences in P2X7 3�-UTR stability depend on differ-
ences in the intracellular activity of trans-acting factors in nor-
mal and cancer cells that target and regulate the cis-acting sites.
This hypothesis is supported by the present findings that

cellular levels of miR-186 and miR-150 were higher in the can-
cer cells than in the normal cells. Human miRNAs reside in
genomic regions that are involved in the regulation of cell
growth and are prone to alterations in cancer cells, and abnor-
mally expressedmiRNAs in human cancers target transcripts of
protein-coding genes involved in tumorigenesis or apoptosis
(33, 34, 43). To date, most types of tumors analyzed by miRNA
profiling have shown significantly different miRNA profiles

FIGURE 5. A, sequences within the putative target sites for miR-186 and miR-
150 of the human P2X7 3�-UTR (uppercase letters) that were chosen for the
experiments in B and C. Shaded areas are putative site of base pairing
between the target and the seed sequence of the miRNAs. Short regions
within the target were mutated (underlined). WT, wild type; M, mutated. B and
C, steady-state levels of luciferase mRNA (relative to CK-18 mRNA) in hEVEC
and HeLa cells transfected with luciferase reporter vectors containing wild
type or mutated putative target sites for miR-186 (B) or miR-150 (C). Shown
are means � S.D. of two experiments repeated in triplicate. * � p � 0.05– 0.01.
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compared with normal cells from the same tissue (43). Mar-
tinez et al. (44) reported that miR-218 was underexpressed in
human papillomavirus-positive cervical cancer cells compared
with normal cells, and Lui et al. (45) found that miR-21 was
overexpressed, whereasmiR-let-7b, miR-let-7c, miR-23b, miR-
196b, and miR-143 were underexpressed in cervical cancer
cells. This study was the first to focus on miRNAs that regulate
expression of the human P2X7 receptor, and the present data
show a correlation between themiR-186 andmiR-150 profile in
cancer/normal cells with regulation of the P2X7 mechanism
that could be related to cancer development.
The experiments in this study focused on the role that miR-

186 andmiR-150 play in regulating the expression of P2X7. The
rationale for choosing these miRNAs was severalfold. First is
the near perfect match between the seed sequences of the
miRNAs and their putative target sites within the human P2X7
3�-UTR, 7- and 8-mer for miR-186 and miR-150, respectively,
along with additional putative base pairing (32, 40, 46, 47). Sec-

ond is the relatively high 94 and 59%
context scores for miR-150 and
miR-186, respectively (46). This
score takes into account the seed
pairing with target, additional 3�
end of the miRNA pairing with the
target, local AU contribution, site
type contribution, and the position
of the target within the 3�-UTR, all
factors identified empirically as
being important for identifying true
miRNA targets (46, 47). Third is
the evolutionary conservation of
the putative miR-186 target site
between human, mouse, rat, and
dog. Fourth is the fact that the
miR-186 putative target site on the
P2X7 3�-UTR is not shared by other
known miRNAs, whereas the
miR150 target site is a region that is
shared by other miRNAs and it may
be a signature site for regulation.
Finally, is the very intriguing obser-
vation that the two miRNAs appear
to show different responses in nor-
mal and cancer cells. The miR-186
target site is located in the middle
part (Segment-2) of the 3�-UTR-
P2X7, which demonstrated de-
creased stability when expressed in
either normal or cancer cells. In
contrast, the miR-150 putative tar-
get site is located in the distal part
(Segment-3) of the 3�-UTR-P2X7,
which demonstrated increased sta-
bility in normal cells and decreased
stability in cancer cells.
Both in normal and in cancer cells

overexpression of a reporter con-
taining the wild typemiR-186 target

sitewas associatedwith instability of the reporter, and the effect
was greater in the cancer cells than in the normal cells, possibly
because of the higher levels of miR-186 in the former (present
data). Overexpression in cancer cells of the mutated miR-186
target site was associated with lesser decrease in the reporter
levels. In contrast, in normal cells overexpression of a reporter
containing themutatedmiR-186 target site was associated with
marked stability. The sequence contained in thewild-typemiR-
186 target site reporter (Fig. 5A) did not match with other
known miRNAs, so the reversal of instability is most likely not
because of an effect induced by another miRNA. The most
likely explanation for the reversal of instability is that the sta-
bility of the sequence critically depends on cellular levels of
miR-186 within a relatively narrow range. Thus, a 2–3-fold
increase in miR-186 levels in cancer cells over those normally
present in wild-type cells (Fig. 7B) sufficed to induce instability
of the wild-type miR-186 reporter. This conclusion is sup-
ported by the inhibition assays, where transfections with an

FIGURE 6. A, in situ hybridization of miR-186 and miR-150 in hEVEC and HeLa cells (10 times). The experiment
was repeated twice. B, semi-quantitative analysis of the miRNA in situ hybridization data. Pictures were scanned
using UN-SCAN-IT; regions encircling cells of interest (n � 10 for each slide) were chosen, and mean (�S.D.)
pixel density was determined. *, p � 0.001 compared with hEVEC; **, p � 0.003 compared with hEVEC.

FIGURE 7. miRNA qPCRs. A and B show the dissociation temperature curves for miR-186 (A), miR-150 (B), and
the positive control U6 snRNA (lysates from hEVEC cells). C, levels of miR-186 and miR-150 in hEVEC and HeLa
cells (qPCR, means � S.D., two experiments in triplicate, normalized to U6 RNA). *, p � 0.001 compared with
hEVEC. D, levels of miR-186 and miR-150 in normal and cancerous human endometrial tissues. Discarded
surgical uterine tissues were obtained from two patients with endometrial endometrioid (type I) adenocarci-
nomas. In each case fresh samples were collected from a site that included the cancerous tissue and from an
adjacent macroscopic (and histologically confirmed) normal endometrial site. For each case, qPCR Ct data of
miR-186 and miR-150 levels in cancer tissues were normalized to those in the normal tissue of the same case.
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miR-186 inhibitor increased P2X7 mRNA by 40% in normal
cells but had no significant effect in cancer cells. In this case, the
miR-186 inhibitor was more effective in cells expressing lower
levels of miR-186 (normal cells) than in cells expressing higher
levels of the miR-186 (cancer cells). The conclusion is sup-
ported by a recent study in HeLa cells where inhibition of miR-
186 decreased cell growth (48). Our data provide a cellular
mechanistic explanation for the effect, namely through up-reg-
ulation of P2X7mRNAand receptor protein, and augmentation
of P2X7-mediated apoptosis.
ThemiR-186 target site is present at the 3� end of the middle

segment of the 3�-UTR-P2X7 (Segment-2). The RNA stability
data of Segment-2 and those of the miR-186 target site were
similar in normal and in cancer cells (Figs. 4D and 5B). Inter-
estingly, bioinformatic data suggested that in addition to miR-

186, Segment-2 may contain putative target sites for other
miRNAs aswell. These include putative target sites formiR-138; a
signature cluster of miR-588, miR-204, and miR-211; miR-198;
a second signature cluster of miR-198 and miR-214; miR-768–
3p; miR-323; miR-203; andmiR-766. At present, little is known
about the role of those miRNAs in the regulation of stability of
Segment-2 3�-UTR-P2X7. One possibility is that one ormore of
the above miRNAs also regulate stability of the middle portion,
Segment-2, of the 3�-UTR of P2X7. If this is the case and the
differentmiRNAs have opposing effects on the same transcript,
the effects could cancel each other. This speculation is sup-
ported by findings in HeLa and A549 cells (human lung epithe-
lial carcinoma cells) in which inhibition of miRNA-214
decreased apoptosis (48) and overexpression of miR-214
increased caspase-3 activity (49), suggesting that miR-214 is a
pro-apoptotic factor. In contrast, inhibition of miR-204
increased apoptosis (48), suggesting that miR-214 would tend
to inhibit apoptosis. Because Segment-2 of the 3�-UTR-P2X7
contains putative target sites for miR-204 and miR-214, it is
possible that their pro/contra-apoptotic effects would cancel,
and the apoptosis-related direction of the cell, as determined by

FIGURE 8. Effects of miR-186 and miR-150 mimics and inhibitors on P2X7
mRNA. A, effects of miR-186 and miR-150 inhibitors on steady-state levels of
P2X7 mRNA in hEVEC and HeLa cells. Cells were transfected with specific
inhibitors of the miRNAs, and P2X7 mRNA levels (normalized to CK-18) were
determined by qPCR. Shown are means � S.D. of three experiments in tripli-
cate. *, p � 0.01 compared with controls. B, effects of miR-186 and miR-150
mimics and inhibitors on luciferase activity in HEK293 cells transfected with
the full-length 3�-UTR-P2X7--luciferase vector. HEK293 were also transfected
with the Renilla luciferase and pRL-CMV vectors, and co-transfected with
mimics and/or inhibitors of the miR-150 and miR-186. Changes in luciferase
activity were determined in terms of Fluc/Rluc 48 h after transfection, and
data were normalized to steady-state Fluc/Rluc activity in nontreated cells.
Shown are means � S.D. of two experiments in triplicate. *, p � 0.01.

FIGURE 9. Effects of miR-186 and miR-150 mimics on the stability of het-
erologously expressed full-length 3�-UTR-P2X7 in HEK293 cells. HEK293
cells transfected with the full-length 3�-UTR-P2X7--luciferase vector were co-
transfected with mimics of the miR-150 and miR-186. After 48 h cells were
treated with 5 �M actinomycin-D, and at times t � 0, 2, 4, and 6 h after acti-
nomycin D treatment, luciferase mRNA (relative to GAPDH) was determined
by qPCR. Shown are means � S.D. of one experiment in triplicate; data for
each category were normalized to luciferase/GAPDH mRNA (Ct � 1 at t � 0).
*, p � 0.01. All four curves could be fitted into simple exponentials, and the t1⁄2

of the declines were calculated from the curves.
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Segment-2 of the 3�-UTR-P2X7 will be controlled mainly by
miR-186.
In cancer cells, overexpression of the putativewild-typemiR-

150 target site was associated with instability of the reporter,
whereas overexpression of themutatedmiR-150 target site was
associated with attenuated decrease in reporter levels after 6 h.
In contrast, in normal cells expression of themiR-150 target site
reporters, wild type andmutant, did not change over time. Pre-
vious studies reported potential growth- and differentiation-
dependent regulatory roles for miR-150 in cells of the red and
white lineages (50) and in immune cells (51–53). In addition,
miR-150 is differentially expressed in related cancers (50, 54,
55). Overexpression of miR-150 in human skin BJ fibroblasts
decreased caspase-3 activity (49), suggesting an anti-apoptotic
role. In contrast, in the cancer HeLa and A549 cells, inhibition
of miR-150 decreased cell growth (48), suggesting a pro-apo-
ptotic role in these cells. The present data are in agreementwith
those of Cheng et al. (48) showing a pro-apoptotic effect in
cancer epithelial cells only. A possible explanation for these
observations is that the stability of the sequence depends on
cellular levels of miR-150, which are higher in cancer cells than
in the normal cells (present data), similar to the case with the
miR-186. This hypothesis is also supported by the miR-150
inhibition assays, where transfections with an miR-150 inhibi-
tor increased P2X7 mRNA by 44% in normal cells and by only
17% in cancer cells. Accordingly, an equimolar dose of themiR-
150 inhibitor is more effective in normal cells, which express
low amounts of miR-150, than in cancer cells, which express
high levels of the miR-150.
The miR-150 target site is present in the middle part of the

3�-UTR-P2X7 Segment-3. The stability data of Segment-3 and
those of the miR-150 target site were similar in the cancer cells
(Figs. 4E and 5C). However, the data in normal cells were dif-
ferent because overexpression of Segment-3 3�-UTR-P2X7 was
associated with increased stability of the construct (Fig. 4E),
whereas in cells overexpressing the wild-type miR-150 target
site, the stability of the reporter did not change over time (Fig.
5C). Segment-3 of the 3�-UTR of P2X7 also contains additional
putative miRNAs target sites, including target sites for miR-
765; miR-28; a presumed signature cluster of miR-214, miR-
522, miR-17, miR-512–3p, miR-302c, miR-20b, and miR-106a
(plus miR-150); miR-197; miR-378; a presumed second signa-
ture cluster of miR-340, miR-999a, and miR-370; and miR-564.
At present, little is known about the role of those miRNAs in
the regulation of stability of Segment-3 3�-UTR-P2X7,
although some have been associated previously with carci-
nogenesis (33, 34).
Our data also show that overexpression of a reporter con-

taining the 3�-UTR-P2X7 Segment-1 was associated with
increased stability of the construct in normal cells and with
decreased stability in cancer cervical cells. This sequence con-
tains putative miRNAs target sites for several miRNAs, but
presently there is little known about the role of these miRNAs
in cancer. Further studies are needed to determine whether
these additional putative miRNAs target sequences within Seg-
ment-1 of the 3�-UTR are important for expression of P2X7.

An additional question that the present data raise is about the
cumulative contributions of Segments 1–3 to the stability of the

full-length 3�-UTR of P2X7. The data in cancer cells were uni-
form, namely decreased stability of Segments 1–3 reporters,
which was similar to that observed in cells overexpressing the
full-length 3�-UTR-P2X7 reporter. In normal cells the
increased stability of Segments 1 and 3 reporters was similar to
that observed in cells overexpressing full-length 3�-UTR-P2X7
reporter. However, experiments using Segment 2 reporter in
normal cells were associated with decreased stability of the
reporter. Thus, although the effect on the full-length 3�-UTR-
P2X7 reporter could be influenced by the contributions made
by each of Segments 1–3, little is known about the relative con-
tributions to the stability of the full-length 3�-UTR-P2X7.
Accordingly, the relative impact of Segments-1 and -3, alone or
in combination, could be greater than that of Segment-2. Sim-
ilarly, it was recently shown that miRNA targets near both ends
of a long 3�-UTR are more effective than targets more centrally
located (46).
Interestingly, the effects of miR-186 andmiR-150mimics (as

well as inhibitors) were only partially additive, suggesting inter-
active regulation. Future studies will evaluate this hypothesis in
greater detail.
In summary, we show for the first time that the stability of the

human 3�-UTR of P2X7 depends both on miRNAs target sites
and on the intracellular activity ofmiRNAs.We identifiedmiR-
150 andmiR-186 as two factors that play a role in the regulation
of P2X7 3�-UTR. The data also show differences in the regula-
tion of the P2X7 3�-UTR in cancer versus normal cervical epi-
thelial cells that could play a role in the different profile of
expression of P2X7 mRNA and protein receptor in cancer ver-
sus normal cells. These data may be important for our under-
standing of regulation of P2X7-mediated apoptosis and its role
in epithelial cell cancer development.
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