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Abstract

It is well known that breast carcinomas without estrogen receptor (ER) have a poor prognosis and do not respond to
antiestrogenic therapy. In analyzing the question of the lack of ER gene expression, we have considered the possibility to modify
the ER gene expression by transfecting ER-negative breast cancer cells with a polymerase chain reaction product mimicking a
putative negative regulatory region (−3258/−3157) inside the P3 ER gene promoter. Here we have demonstrated the efficacy of
the selected sequence used as a decoy molecule in restoring the ER gene transcription. When this DNA was complexed and
delivered by cationic liposomes (PC:DOTAP) a significant increase in the decoy effect was obtained. Breast cancer cells receiving
the combination treatment responded substantially better to reactivation of quiescent ER gene than cells that had received DNA
with calcium phosphate. This information may be useful for a series of in vitro transfections and also for in vivo application of
the decoy strategy that is a potential therapeutic tool to control disease-related genes such as ER gene in breast cancer. © 2001
Elsevier Science Ltd. All rights reserved.
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1. Introduction

It is well known that there are different ways to study
and to modulate the gene expression including anti-
sense nucleic acids, rybozymes, transdominant muta-
tion proteins and suicide genes. The ‘decoy’ strategy
that allows a modulation of gene expression at tran-
scriptional level is a more recent approach; it is based
on the competition for trans-acting factors between the
endogenous cis-elements present on the target gene and
exogenously added double stranded oligonucleotides
containing a DNA sequence identical to that of the
specific cis-element [1–4]. This competition results in an
inhibition or attenuation of the ‘authentic’ interaction
of trans-factor(s) with the cis-element(s). This approach
represents a method for both (i) testing the biological

involvement of genomic sequences in the modulation of
gene expression and in the maintenance of a specific
phenotype and (ii) modulating the gene expression as a
therapeutic tool. In this respect, we are interested in
elucidating the regulation of the human estrogen recep-
tor (hER) gene expression, in order to understand the
role of ER protein in the induction and maintenance of
the breast cancer phenotype [5–7]. In a previous study,
the presence of regulatory sequences was demonstrated
inside the P1 canonical promoter and the P3 distal
promoter of ER gene [8]. In particular, when used in
direct or calcium phosphate mediated transfection, a
specific PCR-generated DNA fragment that contains
the sequence −3258/−3157 belonging to P3 upstream
promoter (namely DNA-102), was able to act as decoy
molecule, increasing ER RNA level in ER-positive
breast cancer cells [8].

The present study describes the delivery, by cationic
liposomes, of DNA-102 decoy molecule in MDA-MB-
231 ER-negative breast cancer cells. The aim of this
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work was to investigate (i) the role of the selected
sequence in the lack of ER gene transcription and (ii)
the possibility of potentiating its biological activity as
decoy molecule using cationic liposomes as gene deliv-
ery formulation. In this respect, it is important to
underline that (a) the absence of ER gene expression is
associated with a more aggressive disease course [6], (b)
breast cancer cells usually represent a difficult target for
DNA transfection [9] and (c) liposomes have recently
been proposed as cell transfection agents for DNA
molecules intended for decoy strategies [10–12].

2. Materials and methods

2.1. Materials

Egg phosphatidyl choline was purchased from Lipid
Products (Surrey, England). The cationic surfactant
N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethyl-ammo-
nium methyl-sulfate, was purchased from Sigma Chem-
ical Company.

As nucleic acids molecules, two DNA fragments
generated by polymerase chain reaction (PCR) were
used: a 102 bp genomic fragment (DNA-102) belonging
to the 5% region of hER gene [8] and a 150 bp plasmidic
fragment (DNA-150). pBLCAT8ERCAT1 [8] and
pGEX-2TK [13] recombinant plasmids were used as
templates for PCR-102 and PCR-150, respectively. Af-
ter amplification DNAs were purified by ultrafiltration
procedure with the Microcon-30 system (Amicon, Bev-
erly, USA) as previously described [14].

2.2. Liposome preparation

Cationic liposomes, composed of egg phosphatidyl
choline (PC) and the cationic surfactant N-[1-(2,3-di-
oleoyloxy)propyl]-N,N,N-trimethyl-ammonium methyl-
sulfate (DOTAP), PC:DOTAP (8:1 mol/mol), were
prepared by reverse phase evaporation followed by
three extrusion cycles through 200 nm pore size poly-
carbonate membranes. The extrusion step was per-
formed in order to obtain unilamellar liposomes with a
homogeneous size distribution as confirmed by the
freeze-fracture electron microphotographs [15].

2.3. Analysis of the electrophoretic mobility of
liposome–DNA complexes

For DNA binding measurements, complexes with
different amounts of vesicles and ng of PCR product
were made as described [15]. The complexes were incu-
bated at room temperature for 10 min and then elec-
trophoresed. The charge ratio was calculated by
measuring the amount of lipid needed to bind all the

DNA, i.e. the amount of lipid at which PCR product
no longer migrated into the gel.

Electrophoresis was carried on in 2% agarose gel at
constant voltage (25 mV) for 2 h. The relative band
migration was determined after staining the gels with
ethidium bromide.

2.4. DNA stability studies

The stability of the liposome/DNA complexes to-
wards the nucleases contained in fetal calf serum (FCS)
was studied following the above protocol. The lipo-
some/DNA complexes (liposomes/DNA ratios of 10:1
w/w) were incubated at 37°C in a thermostatic bath. At
different time intervals, between 0 and 7 days, samples
were withdrawn and stored at −20°C until elec-
trophoretic analysis was performed. In order to displace
the DNA/liposome complexes, after the indicated
length of time, the samples were treated with trypsin,
phenol-extracted and loaded on agarose gel. The quan-
titative analysis of band intensity was performed by a
computerized scanning analysis of digitalized images.

2.5. Cytotoxicity studies

The cytotoxicity of cationic liposomes was deter-
mined on in vitro cultured human cell lines. Standard
conditions for cell growth were a-medium (Gibco BRL,
Gaithersburg, MD), 50 mg/l streptomycin, 300 mg/l
penicillin, supplemented with 10% FCS (Boerhinger,
Manneheim) in 5% CO2 at 80% humidity. MDA-MB-
231 ER-negative breast cancer cells were maintained at
37°C in 5% CO2, in phenol red-free MEM medium
(Gibco BRL, Gaithersburg, MD) plus 10% charcoal-
stripped foetal bovine serum (FBS; estrogen-depleted
medium). Cell growth was determined by counting with
a Model ZF Coulter Counter (Coulter Electronics,
Hielah, FL). Counts of viable cells were performed
after colorimetric assay with MTT (thiazolyl blue) [16].

2.6. Analysis of DNA transfection efficiency

Calcium phosphate and liposome-mediated transfec-
tion methods were compared.

Six hundred nanograms of DNA-150 were used to
transfect cells at 60% confluence plated in 31-mm di-
ameter plates. The calcium phosphate-DNA precipi-
tates were left on the cells for 16 h, then removed with
phosphate-buffered saline, the cells were fed with fresh
medium for 24 h and then harvested. In the other case,
DNA was mixed with cationic liposome suspension
(lipid:DNA ratio 10:1 w/w) in a final volume of 200 ml.
After 15 min incubation at room temperature, 200 ml of
serum-free medium was added to the liposome/DNA
complex and used to transfect one well. 24 h later,
transfection solution was replaced with complete
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medium. After transfection the cells were washed five
times with PBS and incubated with DNase (1 ml of a 1
ng/ml DNase solution) for 15 min. After inactivation of
the DNase with 50 mM EDTA pH 8 and harvesting,
the cells were disrupted with 100 ml of Triton X-100 2%
solution. An aliquot of each cellular lysate, correspond-
ing to 104 cells, was used to test, by PCR, the efficiency
of transfection by evaluating the presence of the 150 bp
plasmidic DNA fragment.

2.7. Analysis of gene transcription

Expression of ER and b-actin mRNA was detected
by reverse transcription polymerase chain reaction (RT-
PCR) on total RNA (5 mg) from MDA-MB-231 trans-
fected cells.

RT-PCR reactions were performed in one step by
using the Titan™ One Tube RT-PCR Kit (Boehringer,
Manneheim) and a Violet Thermal Cycler with 30
cycles for ER and 20 cycles for b-actin cDNA. The
following primers and conditions were used:

ER: F=5%-CTATATGTGTCCAGCCACCAACC-3%
(exon 3)

R = 5%-CTCTACACATTTTCCCTGGTTCCT-
3% (exon 6)

the cycles were 60 s at 94°C, 60 s at 57°C and 60 s at
72°C and

b-actin: F=5%-TGACGGGGTCACCCACACTGT-
GCCCATCTA-3%

R = 5 % -CTAGAAGCATTTGCGGTGGA-
CGATGGAGGG-3%

the cycles were 45 s at 94°C, 45 s at 60°C and 45 s at
72°C.

All amplifications were compared with a negative
control (primers without RNA) and the levels of ER
mRNA were normalized against the b-actin mRNA
content using a densitometric analysis. RT-PCR prod-
ucts were separated on agarose gel, electrophoresed
and, for ER mRNA analysis, were subsequently blotted
onto nylon membrane using standard procedures [17],
and hybridized with 32P-labelled pOR15 probe [5].

2.8. Analysis of estrogen receptor protein expression

Cell extracts from MCF7 and MDA-MB-231 breast
cancer cells were separated by 10% SDS-PAGE essen-
tially according to Laemmli [18], and proteins were
then transferred to nitrocellulose membrane (Hybond
C). After the electroblotting, proteins were visualized

using PONCEAU S reagent (Sigma). The blots were
blocked for 2 h at room temperature with 1X phos-
phate-buffered saline containing 0.1% TWEEN 20
(PBST) and 3% BSA, incubated for 2 h with purified
monoclonal antibody (290 ng/ml) to the human ER
(H222, dil 1:1000) in blocking solution and then washed
three times with PBST for 30 min. The blots were
incubated for 45 min with PBST containing Alkaline
Phosphatase-conjugated goat anti-rat IgG antibody
(Promega) dil 1:4000 and washed three times with
PBST for 30 min. Immunoreactive proteins were visual-
ized by using ProtoBlot Western Blot AP Systems
(Promega).

The intensity of ER specific band of 66 kDa was
densitometrically evaluated using the Biorad Model
GS-700 Imaging Densitometer.

2.9. Statistical analysis

Data are expressed as the mean9SEM. Statistical
analysis of the data was performed using the student’s
paired t-test. Differences were significant with PB0.01.

3. Results

Our experiments were initially designed to analyze
the effect of cationic liposomes on DNA-102 stability in
the presence of serum and the cytotoxicity of liposo-
mal-DNA complexes on in vitro cultured MDA-MB-
231 cells. In a second set of experiments the efficiency
of DNA transfection and the biological activity of
PCR-DNA delivered by cationic liposomes, in terms of
modulation of gene expression, were examined.

3.1. Protecti6e effect of liposomes on serum
nuclease-mediated degradation of PCR products

The formation of the liposome/DNA-102 complex
was accomplished by mixing increasing amounts of
‘preformed’ unilamellar cationic liposomes with a solu-
tion containing 125 ng of DNA-102, resulting in a
quantitative ‘association’ yield when a liposome to
DNA-102 ratio of 5:1 (w/w) was used (see Fig. 1, panel
A).

To test the protective effect, liposome/DNA-102 was
incubated at 37°C in the presence of 10% FBS, mimick-
ing the conditions of in vitro cell growth. After differ-
ent length of time spanning from 0 to 7 days, samples
were subjected to a treatment able to displace the
liposome/DNA-102 complex, allowing a correct quanti-
tative analysis of the DNA (Piva et al., manuscript in
preparation). Samples were treated with trypsin (0.4
units for 30 min at 37°C), phenol/chloroform extracted
and then analyzed by electrophoresis on 1.5% agarose
gel.
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As shown in panel B of Fig. 1, naked DNA-102 was
found, as expected, to be very sensitive to nuclease
digestion completely since it was degraded within 1 h.
On the contrary, when DNA-102 was complexed to
cationic liposomes, a significant serum resistance was
found. In fact, more than 95% of DNA-102 was still
intact after exposure to serum nucleases for 7 days.

3.2. Effect of PC:DOTAP cationic liposomes on cell
sur6i6al

As demonstrated, the liposomal formulation was
clearly able to increase the stability of the PCR
product; nevertheless, data from the literature indicate
that liposomes can display a differential toxicity when
analyzed on in vitro cultured cell lines [19,20]. There-
fore, the effect of liposomes was investigated on MDA-
MB-231 breast cancer cells that represent the target cell
for the decoy experiments. Cells were treated with
different amounts of cationic liposomes and viable cells
were quantified by a colorimetric assay with thiazolyl
blue (MTT) [16]. The percentage of surviving cells after
3 days of liposome treatment is reported in panel A of
Fig. 2. Notably, treatment with 10 mg/ml of liposomes,
corresponding to the lowest concentration at which the
DNA/liposome complex is formed, did not decrease cell
viability; on the contrary, it even slightly increased it.
Also when higher concentrations, up to 200 mg/ml, were
used only a faint cytotoxic activity was observed after 3
days of treatment (not statistically significant; from 1 to
3 days the P-values were 0.92, 0.73 and 0.057, respec-
tively). The same results were obtained when other
human cell lines, such as K562 erythroleukemic cells
and MCF7 breast cancer cells, were subjected to lipo-
some treatment (see panel B). In addition, the effect of
PC:DOTAP on cell proliferation was assayed up to 7
days determining the cell growth by coulter counter. As
reported in panel C of Fig. 2, no significant block of
MDA-MB-231 proliferation was observed (day 1: P=
0.354, day 2: P=0.189, day 3: P=0.35, day 4: P=
0.058, day 7: P=0.158).

3.3. Transfection efficiency of cationic liposomes

Cationic liposomes were then tested for their trans-
fection efficiency. For this purpose, a non-genomic
DNA in the form of a plasmidic PCR product 150 bp
in size (briefly DNA-150), was used. This choice was
made in order to reveal, by PCR, the amount of DNA
inside the cells after transfection. Liposome-mediated
transfection efficacy was compared with the calcium
phosphate procedure in MDA-MB-231 cells. After
transfection the percentage of cells which take up the
DNA was about 90% as demonstrated using fluores-
cently labelled PCR products [14]. The transfected cells
were then subjected to DNase treatment, disrupted and
subjected to 20 cycles PCR amplification to detect the
PCR product inside the cell. After 20 PCR cycles the
DNA-150 was identified in cells transfected with both
conditions. From the results reported in panel A of Fig.
3 cationic liposome-mediated transfection was found to
be about four times more efficient, as reflected by the
densitometric analysis of the DNA band visualized with
ethidium bromide staining of agarose gel. Transfections

Fig. 1. Panel A. DNA–liposome association assay. Samples contain-
ing 125 ng of DNA-102 and liposomes in various liposome-to-DNA
ratios (w/w) were incubated at room temperature for 30 min and
loaded on agarose gel. The associated DNA is indicated by the arrow
at the top of the gel; the non-associated DNA is arrowed as 102.
M=molecular weight marker (100 bp DNA ladder); C=uncom-
plexed PCR-102. Panel B. Protective effect of liposomes on serum
nuclease-mediated degradation of DNA-102. DNA-102 was incu-
bated in the presence of 10% FBS in water at 37°C for 0 (C), 1 h and
1, 2, 3, 4, 5, 6, 7 days, in the presence (+ ) or in the absence (− ) of
liposomes. The amount of intact DNA-102 was determined by densit-
ometric measurements of the fluorescence signals in agarose gel after
ethidium bromide staining. pBLCAT8ERCAT1 [5] recombinant plas-
mid was used as template for DNA-102. After amplification DNAs
were purified by ultrafiltration procedure with Microcon-30 system
(Amicon, Beverly, USA) as previously described [14]. M=molecular
weight marker (100 bp DNA ladder).
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Fig. 2. Effect of PC:DOTAP cationic liposomes on cell survival of in
vitro cultured MDA-MB-231 breast cancer cells. In panel A the data
obtained by counting the viable cells (up to 3 days of cell culture)
with a colorimetric assay based on MTT (thiazolyl blue) are reported.
The viability of untreated controls has been set as 100%. Results are
expressed as the percentage of surviving cells and are the mean9
SEM of at least four independent experiments. The differences were
found to be not significant with P\0.01 (from 1 to 3 days the
P-values were 0.92, 0.73 and 0.057, respectively). The tested concen-
tration 10 mg/ml corresponds to the lowest concentration at which the
DNA/liposome complex is formed. The toxicity of PC:DOTAP
cationic liposomes in K562 erythroleukemic cells, MCF7 and MDA-
MB-231 breast cancer cells, after three days of treatment, is reported
in panel B. Panel C: the data on cell proliferation were determined by
counting, with a cell counter, the cells that were treated (�) with 200
mg/ml of PC:DOTAP or that remained untreated (	). This assay was
done in duplicate and performed three times. The results (mean9
SEM) of one representative determination are shown. The prolifera-
tion rate did not change significantly (P\0.01) after cells were
cultured in the presence of liposomes (day 1: P=0.354, day 2:
P=0.189, day 3: P=0.35, day 4: P=0.058, day 7: P=0.158).

beneficial effect resulting in a marked transfection
enhancement.

3.4. The expression of estrogen receptor mRNA by deli6-
ery of a liposome encapsulated decoy DNA molecule

To investigate whether the increased transfection effi-
ciency in MDA-MB-231 cells mediated by liposomes
would correspond to an increased biological activity, the
decoy effect of DNA-102, on the ER-negative breast
cancer cells, was studied.

The transfection was performed in duplicate in six
independent experiments; the results of a representative
RT-PCR experiment are depicted in panel B of Fig. 3.

As expected, the ER mRNA level was undetectable by
RT-PCR analysis on control MDA-MB-231 cells. On the
contrary, after treating the cells with DNA-102 by
calcium phosphate, a significative induction of ER
mRNA expression was obtained; an even higher effect
was found in cells treated with the same amount of
DNA-102 delivered by cationic liposomes. The b-actin
gene expression, used as a control in this semiquantitative
RT-PCR analysis, was essentially unaffected, suggesting
the specificity of DNA-102. The results of the different
decoy experiments are summarized in the graph reported
in panel B of Fig. 3. The values show that the reactivation
of ER gene transcription was significantly higher in the
cells transfected with liposome encapsulated decoy
DNA-102 than in the cells transfected with calcium
phosphate method (liposome vs. calcium phosphate=
992, PB0.01).

In order to evaluate any possible non-specific effects
of ds-DNA molecules, transfection experiments with
unrelated ds-DNA were performed. For instance, when
MDA-MB-231 cells were treated with an unrelated
random 150 bp PCR product, the expression of ER gene
was completely unaffected, demonstrating that the effect
of DNA-102 decoy can be considered specific.

We next investigated if the DNA-102 decoy molecule
reactivates not only ER gene transcription, but also ER
protein expression. To determine the presence of ER
protein, Western blot analysis on MDA-MB-231 cells
and those cells treated with the DNA-102 decoy molecule
delivered with cationic liposomes was performed. Only
MCF-7 ER-positive breast cancer cells, used as positive
control, contained the 66 kDa protein that was recog-
nized by the anti-ER antibody, while no signal was
observed in MDA-MB-231 cells after decoy treatment,
as reported in Table 1. This indicates that the reactivation
of ER gene transcription is not correlated, in our
experimental conditions, with the reexpression of the
H-222-positive ER protein.

4. Discussion

The data reported in the present paper demonstrate the

were performed in duplicate and were repeated five
times. It is to be underlined that for cells such as
MDA-MB-231, that are particularly difficult to trans-
fect, the use of cationic liposome had a clear and
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increase in the reactivation of ER gene transcription by
delivery of a liposome-encapsulated-decoy-DNA se-
quence belonging to P3 distal promoter of ER gene.
The selected sequence, when exogenously transfected in
MDA-MB-231 ER-negative breast cancer cells, is able
to interfere with the transcriptional regulation of ER
gene, most likely by competing with the cellular cis-ele-
ment for binding putative negative factor(s). This se-

quence has been characterized in more detail, by
footprinting and Southwestern analysis, confirming the
critical role of the region in ER gene transcriptional
regulation [21].

Interestingly, we obtained an increase in transfection
efficiency and in the decoy activity by using
PC:DOTAP liposomes that probably act by stimulating
endocytosis and DNA trafficking from the cytoplasm

Fig. 3. Panel A. Effect of cationic liposomes on DNA transfection efficiency. MDA-MB-231 breast cancer cells were transfected with non-genomic
DNA in the form of a 150 bp PCR product (PCR-150) for which pGEX-2TK [13] was used as template. Calcium phosphate and
liposome-mediated transfection methods were compared. An aliquot of each lysate from transfected cells and corresponding to 104 cells, was used
to test, by PCR, the efficiency of transfection by evaluating the presence of the 150 bp DNA fragment. M%=100 bp DNA ladder. Panel B. Effect
of cationic liposomes on the ability of DNA-102 to modulate ER gene transcription. Expression of ER and b-actin mRNA was evaluated by
RT-PCR on the same amount of total RNA from MDA-MB-231 cells after transfection with calcium phosphate or liposomes. All amplifications
were compared with a negative control (primers without RNA) and the levels of ER mRNA were normalized against the b-actin mRNA content
using a densitometric analysis. RT-PCR products were separated on agarose gel, electrophoresed and, for ER mRNA analysis, were subsequently
blotted onto nylon membrane using standard procedures [17]. Hybridisation was performed with 32P-labelled pOR15 ER specific probe [5]. The
specific RT-PCR products are arrowed. M=molecular weight marker (HaeIII restricted pBR322 DNA); (− )=negative control; C=untreated
cells. Results on ER gene expression of six decoy experiments were reported in the graph. The ER mRNA levels in the cells treated with DNA-150
or DNA-102 decoys was normalized against b-actin mRNA content. The expression levels detected in cells treated with DNA-102 decoy calcium
phosphate-mediated were arbitrarily ascribed a value of 1. Results are expressed as mean fold induction9SEM of six independent transfections
PB0.01. In panel C a schematic representation of 5% upstream region of the hER gene with the position of the sequence DNA-102 used in the
decoy experiments is reported. The positions of 1 exon and the upstream 1% exon with P1 canonical promoter, P2 and P3 distal promoters are also
shown.
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Table 1
Expression of ER protein in breast carcinoma cell lines valuated by
densitometric analysis of Western blotsa

Expression of ERCell type Mean (9SE)
number

MCF-7 3.42 (0.132)4
04MDA-MB-231

MDA-MB-231 4 0

+DNA-102

a Nuclear extracts were separated by 10% SDS-PAGE and blotted
to nitrocellulose membrane. Four different blots were probed with
monoclonal antibody to the human ER (H222), which was revealed
by AP system. Films were scanned with the Biorad Model GS-700
Imaging Densitometer. Data are expressed as arbitrary units. SE is
the standard error.

We can, however, conclude that the selected sequence
used as decoy molecule, when delivered by cationic
liposomes, is capable of markedly increasing the tran-
scription of the ER gene, and should therefore be
considered a good model system in ‘in vitro’ and ‘in
vivo’ decoy strategies.
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