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Abstract Most breast carcinomas that are estrogen

receptor (ER) and progesterone receptor (PR) positive

respond initially to an endocrine therapy, but over time,

they develop resistance (acquired hormone resistance).

Others, however, fail to respond from the beginning

(constitutive resistance). Overcoming hormone resistance

is one of the major desirable aims in breast cancer treat-

ment. Using the medroxyprogesterone acetate (MPA)-

induced breast cancer mouse model, we have previously

demonstrated that antiprogestin-responsive tumors show a

higher expression level of PR isoform A (PRA) than PR

isoform B (PRB), while tumors with constitutive or

acquired resistance show a higher expression level of PRB.

The aim of this study was to investigate whether PRA

silencing in resistant tumors was due to PRA methylation.

The CpG islands located in the PRA promoter and the first

exon were studied by methylation-specific PCR (MSP) in

six different tumors: two antiprogestin-responsive, two

constitutive-resistant, and two with acquired resistance.

Only in constitutive-resistant tumors, PRA expression was

silenced by DNA methylation. Next, we evaluated the

effect of a demethylating agent, 5-aza-20-deoxycytidine, on

PRA expression and antiprogestin responsiveness. In con-

stitutive-resistant tumors, 5-aza-20-deoxycytidine treatment

in vitro and in vivo restored PRA expression and antipro-

gestin RU-486 responsiveness. Furthermore, high levels of

DNA methyltransferase (Dnmts) 1 and 3b were detected in

these tumors. In conclusion, our results suggest that

methyltransferase inhibitors in combination with antipro-

gestins may be effective in the treatment of constitutive-

resistant carcinomas with a high DNA methyltransferase

level.
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Abbreviations

5azadC 5-Aza-20-deoxycytidine

Dnmts DNA methyltransferases

E2 17-b-Estradiol

ER Estrogen receptor

ERa ER alpha

FCS Fetal calf serum

GR Glucocorticoid receptor

H&E Hematoxylin and eosin

HPF High power field

i.p. Intraperitoneal

M Methylated

MPA Medroxyprogesterone acetate

MSP Methylation-specific PCR

PI Propidium iodide

PR Progesterone receptor

PRA PR isoform A
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PRB PR isoform B

RU-486 Mifepristone

s.c. Subcutaneous

UM Unmethylated

Introduction

Two-thirds of breast cancers express estrogen receptor

(ER) and progesterone receptor (PR) at the time of diag-

nosis [1]. Most tumors initially respond to endocrine

therapy, but many will eventually develop resistance

(acquired hormone resistance). However, some tumors fail

to respond to endocrine treatment from the beginning

(constitutive resistance) despite expressing hormone

receptors [2].

Progesterone receptor exists as two isoforms, PRA and

PRB, which are transcribed from a single gene under the

control of distinct promoters [3, 4]. Both isoforms bind

progestins and directly activate the expression of genes that

contain progesterone response elements in their promoters.

Alternatively, the PRs can cooperate with other transcrip-

tion factors to induce gene transcription. However, there is

increasing evidence that the two isoforms have different

functions in vivo [5–8].

We have developed a model of breast cancer in which

the administration of medroxyprogesterone acetate (MPA)

to female BALB/c mice induces mammary ductal carci-

nomas [9, 10]. The main features of this tumor model have

recently been reviewed [11]. Although these tumors were

all originally MPA dependent, some MPA-independent

metastatic tumors capable of growing in untreated mice,

which retained high levels of ER and PR expression, were

obtained by syngeneic transplantation [11]. While most of

the MPA-independent tumors regressed in response to

antiprogestins (antiprogestin responsive), some of them did

not and were designated as constitutive antiprogestin-

resistant tumors. From the MPA-independent tumors that

regressed with antiprogestins, by selective pressure, we

were also able to generate variants with acquired antipro-

gestin resistance. We have recently reported that PRA is

downregulated in both, constitutive and acquired antipro-

gestin-resistant tumors [12, 13]. Interestingly, the tumors

with acquired resistance reverted to the antiprogestin-

responsive phenotype following estrogen or tamoxifen

treatment or by successive transplantations in untreated

mice. Furthermore, in all cases, the reacquisition of anti-

progestin responsiveness could be correlated with an

increase in PRA expression [13].

It has been shown that one mechanism for the loss of gene

expression in oncogenesis is the aberrant methylation of

CpG islands in the 50 regulatory region and first exon of target

genes [14]. CpG islands are regions of DNA with several

CpG sites, in which a cytosine residue located 50 of guanine

residue is methylated. At least, three types of DNA meth-

yltransferases (Dnmt) exist in mammals: Dnmt1 is a main-

tenance methylase, while Dnmt3a and Dnmt3b are de novo

methylases [15, 16]. Compared to normal cells, cancer cells

show a drastic change in DNA methylation, generally

exhibiting global DNA hypomethylation as well as region-

specific hypermethylation [17]. A correlation between the

overexpression of Dnmts and hypermethylation in breast

cancer cell lines has been demonstrated [18]. 5-aza-20-
deoxycytidine (5azadC) is a well-known demethylating

agent that is activated in vivo and readily incorporated into

DNA during replication. As a result of the methyltransferase

reaction, the Dnmt becomes covalently linked to DNA,

rendering it unable to maintain its methylase activity [15].

Treatment of ERa-negative cells with 5azadC leads to

reactivation of functional ERa expression [15, 16, 19].

Methylation of the CpG islands located in the ER and PR

genes has been reported in a significant fraction of ER- and

PR-negative primary breast cancers and breast cancer cell

lines [20–26]. However, no studies in which the methylation

status of steroid receptor genes was evaluated in tumors with

acquired resistance have been done. The main goal of our

study was to evaluate whether DNA methylation could

explain PRA silencing in tumors with acquired or constitu-

tive antiprogestin resistance in our experimental model. We

demonstrate that PRA is silenced by DNA methylation in

constitutive antiprogestin-resistant carcinomas and, 5azadC

treatment restores PRA expression and antiprogestin RU-

486 responsiveness in vitro and in vivo. This suggests that

different epigenetic mechanisms are involved in constitutive

antiprogestin resistance and in acquired antiprogestin resis-

tance. In addition, our studies reinforce a pivotal role for

PRA mediating antiprogestin’s inhibitory effect, highlight-

ing the differential roles of PRA and PRB.

Materials and methods

Animals

Two-month-old virgin female BALB/c mice (IBYME

Animal Facility) were used. Animal care and manipulation

protocols were in agreement with institutional guidelines

and the Guide for the Care and Use of Laboratory Animals

[27].

Tumors

Mammary carcinomas from the MPA breast cancer model

were used: C4-HI, C4-HIR, and C4-2-HI are all MPA-

independent variants from the C4 family; 59-2-HI, 59-2-
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HIR, and 59-HI are variants from the 59 family of tumors;

C4-HI and 59-2-HI are antiprogestin-responsive tumors

[13, 28]; C4-HIR and 59-2-HIR are their respective anti-

progestin-resistant variants [13]; and C4-2-HI and 59-HI

are constitutive-resistant variants [12]. Tumors were named

before learning their antiprogestin responsiveness. All

these tumor variants express ER and PR evaluated by

binding, western blotting, and immunohistochemistry

assays [11]. However, low levels of PRA were detected in

antiprogestin-resistant tumors [12, 13]. Tumors were

transplanted by subcutaneous (s.c.) injection into the

inguinal flank of BALB/c mice.

Reagents

The 5azadC, MPA, and RU-486 (mifepristone) were pur-

chased from Sigma-Aldrich (St. Louis, MI), and ZK

230211 was a kind gift from Bayer Schering Pharma AG,

Berlin.

Methylation-specific PCR (MSP)

Genomic DNA was extracted from tumors, and 1 lg DNA

was subjected to sodium bisulfite conversion as described

by Frommer et al. [29] with brief modifications. Sodium

bisulfite-modified DNA (150 ng) was used as the template

in each PCR reaction. The PCR mixture contained PCR

buffer, 1.5 mM MgCl2, 200 lM dNTPs, 0.2 lM of each

primer, and 1 unit Platinum Taq Polymerase (Invitrogen,

Carlsbad, CA). In order to amplify the unmethylated (UM)

and methylated (M) CpG sites, the primers listed in Table 1

were used. These primers were designed using Methyl

Primer Express Software 1.0 from Applied Biosystems

(Foster City, CA) and the sequence of the promoter and the

first exon of PR (http://www.ensembl.org/Mus_musculus/

index.html) [30]. The PCR conditions and the annealing

temperatures are indicated in Table 1. In order to obtain

DNA from normal lymphocytes to be used in control

experiments, axillary and inguinal lymph nodes from 6

BALB/c mice were excised and processed as the tumor

samples. The lymphocyte DNA was treated with sodium

bisulfite (UM control) or was hypermethylated with SssI

methyltransferase (New England Biolabs, Beverly, MA),

and subsequently treated with sodium bisulfite (M control).

PCR products were visualized in a 2% agarose gel.

Cloning and sequencing of MSP products

The PCR products (UM and M) obtained using the PR4

primer pair from three responsive (C4-HI, 59-2-HI), three

constitutive (C4-2-HI, 59-HI), and three acquired antipro-

gestin-resistant (C4-HIR, 59-2-HIR) tumors from each

tumor family were cloned into pCR2.1-TOPO (Invitrogen).

This PR4 product was chosen because it had the highest

levels of CpG islands. The plasmids were transformed into

chemically competent E. coli TOP10 (Invitrogen). The

bacteria were plated on LB agar plates containing 100 lg/ml

of ampicillin and 40 ll/plate of 40 mg/ml X-gal (Promega,

Table 1 Sequence of primers selected for PCR methylation studies with their annealing temperatures and PCR conditions

Primers Sequence Annealing T (�C)

PR1 F M 50 GGGCGGGTTTTTTTAGAGC 30 57

PR1 R M 50 CTCGTTCTCCTACAACGACA 30 58

PR1 F UM 50 TTTTGGGTGGGTTTTTTTAGAGT 30 58

PR1 R UM 50 TACTCATTCTCCTACAACAACAA 30 58

PR2 F M 50 ATTTTATCGTTATCGGGATAGCGC 30 62

PR2 R M 50 ATAAATATAAAATCGCAAAACCCG 30 57

PR2 F UM 50 TATTTTATTGTTATTGGGATAGTGT 30 56

PR2 R UM 50 AATAAATATAAAATCACAAAACCCA 30 54

PR3 F M 50 GAAGAAATACGAAAAAAAGTTTTTC 30 56

PR3 R M 50 ATAAATATAAAATCGCAAAACCCG 30 57

PR3 F UM 50 AGAAGAAATATGAAAAAAAGTTTTTT 30 54

PR3 R UM 50 AATAAATATAAAATCACAAAACCCA 30 54

PR4 F M 50 GTTTTTTATACGTTTGGCGTTTC 30 58

PR4 R M 50 CACGTCGAACAACGACTACT 30 58

PR4 F UM 50 AGGTTTTTTATATGTTTGGTGTTTT 30 56

PR4 R UM 50 CTCCACATCAAACAACAACTACT 30 59

Denaturalization temperature and duration Annealing T (�C) Extension temperature and duration Final extension

94�C–5 min 94�C–35 cycles of 45 s 45 s 72�C–45 s 72�C–10 min

Breast Cancer Res Treat

123

http://www.ensembl.org/Mus_musculus/index.html
http://www.ensembl.org/Mus_musculus/index.html


Madison, WI). Ten white colonies from each group were

analyzed by colony PCR using PR4 primer pair to confirm

their positivity. The fragments were sequenced by Macrogen

Inc. (Korea) using the 3730XL DNA Sequencer. Sequences

were finally analyzed using EMBLE-EBI software (http://

www.ebi.ac.uk). The percentage of methylation was calcu-

lated for each of the three samples from each tumor, and the

mean ± SEM was calculated for each tumor.

Primary cultures and co-cultures

Culture media

DMEM/F12 (Dulbecco’s modified Eagle’s medium: Ham’s

F12, 1:1, without phenol red, Sigma Chem. Co. St Louis

MO, USA); 100 U/ml penicillin; and 100 lg/ml strepto-

mycin with 10% fetal calf serum (FCS; Life Technologies

Inc., Gaithersburg, MD, USA). Steroid-stripped FCS was

prepared as described previously [31], and it was used in

proliferation assays to avoid the interference with endog-

enous hormones.

Primary cultures

Epithelial cells and carcinoma-associated fibroblasts were

separated by differential sedimentation [32] and plated

with 10% FCS. Carcinoma-associated fibroblasts were

allowed to attach for 0.5 h and the epithelial cells for 24–

48 h. The medium was replaced by fresh medium with

10% FCS; thereafter, it was changed every 2–3 days.

Co-cultures

Trypsinized cells were resuspended and equal amounts of

epithelial cells and carcinoma-associated fibroblasts were

seeded with 10% FCS that was replaced after attachment

by 1% steroid-stripped FCS. As previously demonstrated in

these experimental conditions, both cell types are in qui-

escence, and they only grow in co-cultures [32]. The same

amount of epithelial cells or carcinoma-associated fibro-

blasts or double the amount of purified cells was used for

comparison.

Cell proliferation

(3H)-thymidine-uptake was used as an indirect method to

evaluate cell proliferation [32]. In brief, cells were seeded

into 96-well microplates. After attachment (24 h), the cells

were incubated for 24 h with 1% steroid-stripped FCS and

then for 48 h with the experimental solutions to be tested in

1% chFCS. Fifty percent of the medium was replaced with

fresh medium every 24 h. The cells were incubated with

0.4 lCi of 3H-thymidine (specific activity: 20 Ci/mmol)

for 24 h, trypsinized, and harvested in a cell harvester. In

experiments in which 5azadC was used, the experiments

were carried out using proliferating cells (presence of 10%

FCS) to guarantee the effect of the demethylating agent.

Three different experiments were made using octuplicates,

and the means and standard deviations of one representa-

tive experiment of the other three are shown. The results

are expressed as the proliferation index (cpm experimental

group/cpm control; mean ± SEM) [33].

Treatment of epithelial cells with 5azadC in vitro

C4-2-HI and 59-HI epithelial cells from primary cell cul-

tures were allowed to attach for 24 h. The medium was

replaced with fresh medium with 10% FCS, and 5azadC

was added for 96 h. The medium was refreshed daily. Cells

were processed for western blot or immunofluorescence to

evaluate PR expression.

In vivo treatment with RU-486 and 5azadC

C4-2-HI, 59-HI, and C4-HIR tumors were transplanted s.c

nearby the mammary gland 4th in syngenic mice, and

measured every 2 days (length and width). Treatments

were initiated when the tumors were palpable. The anti-

progestin RU-486 (mifepristone) was inoculated s.c at a

dose of 12 mg/kg/day. The mice were inoculated intra-

peritoneally (i.p.) with 0.75 mg/kg 5azadC (for C4-2-HI

and C4-HIR tumors) or 1 mg/kg 5azadC (for 59-HI

tumors) every other day. All the experiments were repeated

twice using five mice per group. The animals were eutha-

nized after 13 days of treatment, and tumor samples were

removed and frozen at -80�C or fixed in 10%

formaldehyde.

Western blots

Cytosolic or nuclear extracts were processed for western

blots as described previously [12]. The cells were lysed

using Mammalian Protein Extraction Reagent (Pierce,

Rockford, IL) according the manufacturer’s instructions.

The western blot membranes were incubated with anti-

bodies against PR (C-19, Santa Cruz Biotech, CA, or Ab-

7, Neomarkers, Lab Vision Corp, Fremont, CA), PRB

(Ab-6, Neomarkers), ERKs (SC-94, Santa Cruz Biotech),

E-Cad (610182, BD), Actin (I-19, Santa Cruz Biotech),

Dnmt1, Dnmt3a and Dnmt3b (H-300, H-295, and H-230,

respectively, Santa Cruz Biotech), RARb (SC-14028,

Santa Cruz Biotech), PTEN (Ab32199, Abcam), p16 (SC-

1207, Santa Cruz Biotech), Rb (SC-50, Santa Cruz Bio-

tech), or glucocorticoid receptors (GRs) (SC-1004, Santa

Cruz Biotech) overnight at 4�C, at a concentration of

2 lg/ml in PBST (0.8% NaCl, 0.02% KCl, 0.144%
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Na2PO4, 0.024% KH2PO4, pH 7.4, 0.1% Tween 20). The

band intensities from 3 to 4 different tumor samples in

different western blots were quantified using Image Quant

software.

Immunofluorescence

Frozen sections or cells grown in chamber slides, fixed in

70% ethanol for 1 h, were incubated with antibodies rec-

ognizing Dnmt1, Dnmt3a, Dnmt3b, PRA (Ab-7), RPB

(Ab-6), or GR, in blocking buffer at a 1:200 dilution

overnight at 4�C. They were then incubated with a FITC-

conjugated anti-rabbit (FI-1000, Vector Laboratories Bur-

lingame, CA; 1:100 dilution) secondary antibody for 1 h at

room temperature. Nuclei were stained with propidium

iodide (PI, Sigma). The slides were mounted using Vec-

tashield (Vector Laboratories). Stained cells were analyzed

using a Nikon Eclipse E800 Laser Confocal Microscope

and EZ-C1 2.20 software. Cell staining was quantified

using Image Quant software.

Immunohistochemistry

Sections of formalin-fixed, paraffin-embedded tissue were

processed as previously described [28] and stained with the

PRA-specific antibody (C-19) using the avidin–biotin–

peroxidase complex technique (Vectastain Elite ABC kit;

Vector), as described previously [28].

Morphological studies

H&E stained sections of livers, spleens, and kidneys from

the 5azadC-treated mice (1 mg/kg or 0.75 mg/kg/every

other day; n = 5) were studied by an expert mouse

pathologist. The percentage of tumor stroma versus tumor

parenchyma was quantified with the ImageJ software in

treated and untreated tumors. The stromal area in relation

to the total tumor area was calculated in five representative

fields of each sample, using 4009 magnification, in three

different tumor samples of each group, and the mean ±

SEM was calculated. Mitotic and apoptotic indices were

counted in 10 and 15 high-power fields (HPFs), respec-

tively, of each section, using 10009 magnification, and

expressed as the mean ± SEM of the percentage of the

ratios between the total number of events (mitosis or

apoptosis) and the total cell number per HPF. Mitotic fig-

ures were identified morphologically by the condensed

‘‘hairy’’ aspect of the chromosomes. Morphological iden-

tification of apoptosis was performed according to criteria

previously reported, which correlated with the deoxynu-

cleotidyl transferase-mediated dUTP-biotin nick end

labeling (TUNEL) method [28].

Statistical analysis

Data were analyzed using ANOVA and the Tukey multiple

post t test (for multiple samples) or the Student’s t test to

compare the mean ± SD using Graph Prism 4.0 software.

Tumor growth curves were studied using regression anal-

ysis and slopes compared using analysis of variance fol-

lowed by parallelism analysis.

Results

Carcinomas with acquired resistance regain their

hormone responsiveness and the PRA/PRB ratio

when cultured on plastic

We have previously reported on several MPA-independent

variants that were generated from MPA-induced mammary

carcinomas. The two tumor families used herein are

depicted in Fig. 1. C4-HD tumor gave rise to C4-HI, which

responds to antiprogestin treatment, and to C4-2-HI, which

showed constitutive hormone resistance. Similarly, 59-HD

gave rise to 59-HI, a constitutive-resistant tumor, and to

59-2-HI, an antiprogestin-responsive variant [8]. From both

of the antiprogestin-responsive tumors, we developed

variants with acquired resistance (C4-HIR and 59-2-HIR)

by selective pressure using RU-486 [13] (Figs. 1, 2a). We

have recently reported an inverse PRA/PRB ratio in

responsive tumors (C4-HI, 59-2-HI) as compared with the

resistant variants, with PRA being higher than PRB [13].

We were interested in evaluating whether carcinoma-

associated fibroblasts contributed to the resistant pheno-

type; so, we first evaluated hormone responsiveness in

purified epithelial cells from the three different tumor

types. As expected, MPA induced a strong proliferative

effect in C4-HI cells (P \ 0.001), which was abolished by

RU-486 or ZK 230211 (P \ 0.001), whereas no differ-

ences were observed in C4-2-HI cells. However, unex-

pectedly, a proliferative effect was observed in the

acquired resistant C4-HIR cells treated with MPA

(P \ 0.001), which was abolished by RU-486 or ZK

230211 (P \ 0.001; Fig. 2a), indicating that acquired

antiprogestin resistance but not constitutive resistance is

reversed by in vitro culturing. Similar results were obtained

with the 59 family of tumors (not shown).

The expression level of PRA and PRB in purified tumor

cells from the three tumors growing on plastic was ana-

lyzed using western blot (Fig. 2b) and immunofluorescence

(Fig. 2c). The PR isoform ratio in C4-HIR cells became

similar to that of the responsive tumors (Fig. 2b, c),

whereas the PR isoform pattern did not change in the

constitutive antiprogestin-resistant tumors (Fig. 2c). These

results suggest that different mechanisms regulate PRA
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silencing in tumors with constitutive and acquired anti-

progestin resistance.

The incubation of epithelial tumor cells

with carcinoma-associated fibroblasts does not

modify their hormone responsiveness

In order to investigate whether carcinoma-associated

fibroblasts could be participating in the acquired antipro-

gestin-resistant phenotype, purified epithelial cells from the

antiprogestin-responsive tumor C4-HI or from the acquired

antiprogestin-resistant tumor C4-HIR were co-cultured

with equal amounts of their own carcinoma-associated

fibroblasts or with those from the other tumor, as described

previously [32]. In both cases, MPA stimulated, and RU-

486 inhibited co-culture cell proliferation (Suppl. Fig. 1),

suggesting that the presence of carcinoma-associated

fibroblasts does not change the hormone responsiveness.

PRA expression is silenced by methylation only

in constitutive antiprogestin-resistant tumors

In order to investigate the mechanisms involved in PRA

silencing, we carried out methylation analyses of the PRA

promoter using the same tumors studied above. Different

CpG sites were analyzed with four different pairs of

primers (Table 1). Figure 3a shows a schematic of the PR

promoter, with the locations of the CpG sites of both PR

isoforms. As expected, only unmethylated CpG islands

were observed in the two antiprogestin-responsive tumors

(C4-HI and 59-2-HI; Fig. 3b). Hypermethylation of the

PRA promoter was detected in the two constitutive anti-

progestin-resistant tumors (C4-2-HI and 59-HI), whereas

the PRA promoter in both tumors with acquired antipro-

gestin resistance (C4-HIR and 59-2-HIR) was unmethy-

lated (Fig. 3b). Although we observe some methylated

CpG islands using the PR1 pair of primers that are included

in the PRB promoter, the density is not enough for these

islands to qualify for a mechanism of gene silencing by

promoter methylation (http://www.ensembl.org/Mus_mus

culus/index.html; [30]). In these experiments, DNA from

normal lymphocytes treated with SssI methyltransferase

was used as the methylated control, while untreated DNA

was included as an unmethylated control (Fig. 3c).

The PCR products from the reactions using the PR4 pri-

mer pair and DNA from the antiprogestin-responsive tumors

and the tumors with acquired and constitutive antiprogestin

resistance were cloned and sequenced to analyze the degree

of CpG island methylation. Whereas 100% of the CpG sites

were unmethylated in the responsive and acquired resistant

tumors (C4-HI, 59-2-HI, C4-HIR and 59-2-HIR), 89.9 ±

2.2% of the CpG sites were methylated in C4-2-HI, and

Fig. 1 Origin of the tumors of

the MPA breast cancer model

used in this study. MPA-

induced ductal hormone-

dependent mammary

carcinomas are maintained by

syngeneic transplantation in

progestin-treated BALB/c mice

(C4-HD and 59-HD).

Occasionally, some tumors

started to grow in untreated

mice giving rise to MPA-

independent variants. These

variants were named

chronologically prior to testing

their hormone responsiveness.

While most of the MPA-

independent tumors regressed in

response to RU-486 (C4-HI and

59-2-HI), some constitutive-

resistant variants were obtained

(C4-2-HI and 59-HI). In

addition, MPA-independent

responsive tumors treated with

RU-486 gave rise, by selective

pressure, to acquired

antiprogestin-resistant variants

(C4-HIR and 59-2-HIR).

Tumors used in this study are

underlined
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88.8 ± 3.2% of the CpG sites in 59-HI constitutive-resistant

tumors. A diagram illustrating the CpG sites that were

methylated in one representative sample is shown in Fig. 3d.

We conclude that methylation of CpG sites at the PRA pro-

moter explains PRA silencing only in the constitutive anti-

progestin-resistant tumors.

In vitro treatment with 5azadC induces PRA expression

and RU-486 responsiveness in constitutive-resistant

purified epithelial cells

The strong correlation between PRA expression and the

antiprogestin RU-486 responsiveness suggested that con-

stitutive-resistant tumors might be re-sensitized to RU-486

treatment after the restoration of PRA expression. There-

fore, we treated these tumors with a demethylating agent,

and evaluated their PRA expression and antiprogestin

responsiveness.

Primary cell cultures from the two constitutive-resistant

tumors, C4-2-HI and 59-HI, were treated with 5azadC

(5 9 10-7 and 5 9 10-6 M, respectively) for 96 h. An

increase in PRA expression (P \ 0.001) was observed using

immunofluorescence and western blot in both tumor cells

(Fig. 4a, b). However, no significant changes were observed

using the Ab-6 antibody, which only stains PRB (Fig. 4a).

In order to further investigate whether the restoration of

PRA expression by 5azadC treatment could induce anti-

progestin responsiveness, primary cultures of C4-2-HI and

59-HI cells were treated with 5azadC plus RU-486, and cell

proliferation was evaluated using (3H)-thymidine incorpo-

ration. As observed in Fig. 4c, the proliferation of cells

treated with 5 lM 5azadC and 100 nM RU-486 was

inhibited (P \ 0.001), whereas treatment with 5azadC or

RU-486 alone did not alter cell proliferation.

In vivo 5azadC treatment induces PRA expression

and RU-486 responsiveness in constitutive

antiprogestin-resistant tumors

In order to investigate whether this restoration of PRA

expression and RU-486 responsiveness could be achieved

in vivo, mice carrying palpable constitutive-resistant

tumors, C4-2-HI and 59-HI, were treated with vehicle,

5azadC, RU-486, or 5azadC in combination with RU-486.

Interestingly, as observed in Fig. 5a, the combination of

5azadC and RU-486 significantly inhibited tumor growth in

both cases. Morphological signs of tumor regression,

including increased stromal tissue intermingled with the

epithelial nests (P \ 0,001), increased apoptosis, and a

decreased mitotic index, were observed in tumors treated

with the combination of RU-486 and 5azadC (Fig. 5b;

Table 2). However, no significant differences were

observed in tumors treated with RU-486 or 5azadC alone.

In addition, an increase in nuclear and cytoplasmic PRA

staining was observed in 5azadC-treated C4-2-HI tumors

compared with control tumors (Fig. 5c). Nuclear staining

Fig. 2 Acquired antiprogestin-resistant tumors revert their antipro-

gestin resistance and the PRA/PRB ratio in culture. a Hormone

responsiveness. Top Growth curves from tumors of the C4 family

illustrating their hormone responsiveness (already published); bottom
Primary cultures of purified epithelial cells from the same tumors

were subcultured in 96-well microplates. After attachment, the

medium was replaced by 1% chFCS. The cells were then treated

for 48 h with MPA with or without RU-486 or ZK 230211.

Proliferation index was calculated as experimental cpm/control cpm

(mean ± SEM), and a representative experiment from the three, using

octuplicates in each experiment, is shown. C4-HIR tumors acquired

MPA and antiprogestin responsiveness when cultured in vitro;

*** P \ 0.001. b Western blots. Representative blots for PRA

(83 kDa) and PRB (115 kDa) using nuclear extracts from the tumors

or cultures. The polyclonal rabbit C-19 antibody was used. ERKs

were used as loading controls. The ratio of PRA/PRB in three

different blots using different samples was quantified. C4-HIR tumors

cultured on plastic reverted the PRA/PRB ratio (P \ 0.01; bottom). c
Immunofluorescence for PRA (Ab-7) and PRB (Ab-6) in cells

growing on plastic. Cells were seeded in chambers slides, starved for

24 h, then fixed, and incubated with Ab-7 or Ab-6 antibodies as

described in ‘‘Materials and methods’’ section. FITC-conjugated

mouse secondary antibodies were used. No staining was observed in

the absence of the primary antibodies (not shown). Cells with

acquired resistance re-expressed PRA: bar: 100 lm
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was heterogeneous and punctate. In 5azadC-treated 59-HI

tumors, only cytoplasmic and perinuclear PRA staining

was observed. It may be possible that in the absence of

ligand, PRA accumulates in the cytoplasm. Western blots

confirmed the increase in PRA expression in both C4-2-HI

and 59-HI tumors (P \ 0.01). The PRB level, on the other

hand, was not significantly modified by 5azadC treatment

(not shown). Histological evaluation of liver, spleen, and

kidney indicated no signs of toxicity due to 5azadC-treat-

ment with the two doses used (0.75 and 1 mg/kg).

Furthermore, in order to test whether 5azadC treatment

could modify the antiprogestin response of C4-HIR tumors,

in which PRA is silenced by mechanisms other than PRA

methylation, these tumors were similarly treated. As

expected, no inhibition in tumor growth was observed in

these 5azadC- and RU-486-treated mice (Fig. 6).

Constitutive antiprogestin-resistant tumors express high

levels of DNA methyltransferases

Dnmt1 and Dnmt3a/b regulate CpG island methylation,

and it has been proposed that 5azadC targets Dnmts [35,

36]. Therefore, we were interested in studying Dnmt

expression in responsive and resistant antiprogestin tumors.

Fig. 3 Methylation studies.

a Diagram showing the PR

promoters and the primers used.

ERE: estrogen response

element; Sp1: stimulatory

protein one. b DNA methylation

of the PR promoter detected

using (MSP). Bisulfite-treated

DNA samples from responsive

tumors (C4-HI and 59-2-HI),

tumors with acquired resistance

(C4-HIR and 59-2-HIR) and

constitutive-resistant tumors

(C4-2-HI and 59-HI) were used

for amplification using the

specific primers shown in

Table 1 and Fig. 3a. Controls

without DNA (H2O) were

included. Only tumor samples

from constitutive-resistant

tumors showed bands using the

methylated (M) primers.

c Normal lymphocytes DNA

was used as unmethylated (UM)

control, and treated with SssI

methyltransferase as M control.

d The PCR products amplified

with PR4 primers (M and UM)

from three samples of each

responsive (C4-HI, 59-2-HI),

three constitutive (C4-2-HI,

59-HI) and three acquired

resistant (C4-HIR, 59-2-HIR)

tumors were cloned in

competent E. coli TOP-10 and

five colonies from each sample

were sequenced by Macrogen

Inc. (Korea). A diagram

illustrating the CpG sites that

were methylated in one

representative sample is shown
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Immunofluorescence experiments demonstrated that C4-2-

HI cells cultured on plastic expressed a higher level of the

three Dnmts than the C4-HI cells (Dnmt3a/b, P \ 0.05;

Dnmt1: P \ 0.001), and that the 59-HI cells showed a

higher level of Dnmt3b than the 59-2-HI cells (P \ 0.001;

Fig. 7a). When tumor sections were used, similar results

were obtained, although nuclear expression of Dnmt1 and

3a was higher than in cells cultured in plastic, suggesting

that tumor microenvironment may be regulating Dnmt

activation (Fig. 7a). These studies were corroborated using

western blots (Fig. 7b). These data suggest that increased

Fig. 4 Treatment of primary cultures of constitutive-resistant tumors

with 5azadC and RU-486. a PRA (Ab-7) and PRB (Ab-6) expression

in control or 5azadC-treated cells. Cells growing in chamber slides in

the presence of 10% FCS were treated for 96 h with or without

5azadC (C4-2-HI: 5 9 10-7 M; 59-HI: 6 9 10-6 M) and processed

for immunofluorescence. FITC-conjugated secondary anti-mouse

antibodies were used. PI was used for nuclear counterstaining. b
PRA and PRB expression was studied by western blot using Ab-7 and

Ab-6 antibodies in whole cell extracts of primary cultures of

constitutive-resistant tumors treated with or without 5azadC as

described in a. PRA expression was quantified in three different

blots using different extracts, and an increase in PRA expression was

observed in treated cells. *** P \ 0.001. c Effects of 5azadC and

RU-486 on (3H)-thymidine uptake. Cells were seeded in 96 micro-

plates and were treated with vehicle, 5azadC, RU-486, or both in the

presence of 10% FCS for 48 h. Only 5azadC plus RU-486 inhibited

cell proliferation. *** P \ 0.001 experimental versus control. Prolif-

eration index was calculated as experimental cpm/control cpm

(mean ± SEM), and a representative experiment from three using

octuplicates in each experiment, is shown

Fig. 5 Treatment of constitutive-resistant tumors in vivo with

5azadC and RU-486. a Growth curves. C4-2-HI and 59-HI tumors

were transplanted sc into BALB/c female mice. When tumors were

palpable, animals (five per group) were treated with vehicle, RU-486

(12 mg/kg/day, s.c.) and/or 5azadC (0.75 mg/kg every other day for

C4-2-HI tumors and 1 mg/kg every other day for 59-HI; i.p.). Tumor

size was measured every other day (length and width) with a Vernier

Caliper, and the mean ± SEM of a representative experiment of the

other two is plotted. Inhibition of tumor growth was observed only

with combined treatments. b Morphological studies. Representative

images of H&E-stained slides showing an increase in stromal tissue

intermingled with the epithelial nests were observed only in RU-486-

and 5azadC-treated tumors. c Immunohistochemistry for PRA.

Formalin-fixed tumors were processed for immunohistochemistry as

described in ‘‘Materials and methods’’ section. The polyclonal rabbit

C-19 antibody was used. 5azadC-treated tumors re-expressed PRA.

Nuclear and cytosolic staining was observed for C4-2-HI tumors

while cytosolic and perinuclear staining was observed for 59-HI

tumors (insets). d Western blots for PRA. Treated and untreated

tumors were processed for western blotting as described in ‘‘Materials

and methods’’ section. A representative blot of the other three is

shown. ERK was used as loading control. An increase in PRA

expression was observed in both cytosolic (P \ 0.01) and nuclear

(P \ 0.005) extracts of 5azadC-treated C4-2-HI tumors, and only in

the cytosolic fraction of 5azadC-treated 59-HI tumors (P \ 0.01)
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levels of Dnmt1 and 3b are related to the increased PRA

methylation in constitutive-resistant tumors. The greater

5azadC responsiveness of C4-2-HI compared with 59-HI

(Figs. 4c, 5a) is consistent with the higher levels of the

three Dnmts.

E-Cadherin, p16, PTEN, Rb, and RARb are not

silenced in constitutive antiprogestin-resistant tumors

We were interested in investigating whether the increased

Dnmts levels in constitutive-resistant tumors silences other

genes that are usually regulated by methylation. Thus, we

compared the expression of E-cadherin, p16, Rb, PTEN

and RARb. As observed in Fig. 7c, the expression of these

proteins did not follow the same regulation pattern as PRA,

demonstrating tumor-specific differences and indicating

that silencing of PRA in constitutive-resistant tumors is a

specific phenomenon.

Glucocorticoid receptor expression decreases

in constitutive antiprogestin-resistant tumors

treated with 5azadC

In order to investigate whether 5azadC treatment could be

inducing GR expression, and to discard a possible effect of

RU-486 mediated by GR, we studied GR expression in

C4-2-HI tumors treated with or without 5azadC in vitro and

in vivo. The expression of GR decreased in C4-2-HI cells

treated with 5azadC (immunofluorescence; Fig. 8a) and in

tumors from 5azadC-treated mice (western blots; Fig. 8b),

ruling out a possible GR-mediated effect.

Discussion

In previous articles, we have observed a correlation

between PRA expression and antiprogestin responsiveness

[12]: Antiprogestin-resistant mammary tumors show a

lower expression level of PRA than do responsive tumors.

Moreover, we have shown that the reacquisition of hor-

mone sensitivity in tumors with acquired resistance was

accompanied by the restoration of PRA expression [13]. In

this study, we clearly demonstrate that PRA expression is

silenced in constitutive antiprogestin-resistant tumors by

methylation of the PRA promoter. Treatment with a

demethylating agent restores PRA expression and anti-

progestin responsiveness only in the constitutive-resistant

tumors. These tumors showed a high expression levels of

Dnmt1 and 3a/b, which may be responsible for the

increased PRA methylation. The mechanism by which PRA

is silenced in tumors with acquired antiprogestin resistance

remains to be elucidated.

There exist very few studies regarding PR silencing in

breast cancer. In ER- and PR-negative breast cancers, it has

been shown that the PR promoter is methylated in 39–46%

of tumors [21]. Similar findings have been reported by

others [34, 35]. More recently, Vasilatos et al. [36] studied

a series of genes, among them PRB and PRA, and have

reported that CpG island methylation of PRA together with

RARb (M4), INK4a/ARF, and HIN-1 may predict non-

BRCA1/2-associated mammary carcinogenesis and tumor

progression. There are, however, no clinical or experi-

mental studies suggesting that PR or ERa methylation is

the possible epigenetic mechanism related to acquired

hormone resistance. Our studies clearly demonstrate that

different epigenetic mechanisms regulate constitutive and

acquired resistance, with CpG methylation of hormone

receptor genes being involved in the former.

Most of the studies in experimental models have focused

on ERa methylation in MDA-MB-231 cells, and PR, most

Table 2 Apoptotic and mitotic indices observed in tumors treated with the combination of RU-486 and 5azadC

59-HI mean ± SEM C4-2-HI mean ± SEM

Control 5azadC ? RU-486 Control 5azadC ? RU-486

Apoptotic index 1 ± 0.19 3. 67 ± 0.09*** 1 ± 0.22 3. 31 ± 0.02***

Mitotic index 1 ± 0. 069 0.49 ± 0.21* 1 ± 0.08 0.38 ± 0.1*

* P \ 0.05 and *** P \ 0.001 treated versus control

Fig. 6 Acquired resistant tumors do not reverse the resistant

phenotype when treated with a demethylating agent. C4-HIR tumors

were transplanted s.c. into BALB/c female mice. When tumors were

palpable, animals (five per group) were treated with vehicle, RU-486

(12 mg/kg/day, s.c.) and/or 5azadC (0.75 mg/kg every other day;

i.p.). Tumor size was measured every other day (length and width)

with a Vernier Caliper, and the mean ± SEM of a representative

experiment of the other two is plotted. No inhibition in tumor growth

was observed in 5azadC- and RU-486-treated mice
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specifically PRB, has been evaluated only as an ERa-reg-

ulated gene. In these cells, it has been demonstrated that

both ER and PR are silenced by promoter methylation.

Treatment with demethylating agents restored ERa and

PRB expression, but not PRA expression [19]. The same

group demonstrated that ERa was able to restore PR

expression even if PR was still methylated, since the

exogenous transfection of ERa was able to restore PRB

expression [37]. However, a different picture has been

reported in MCF-7-derived clones. In this system, it has

been shown that disruption of ERa signaling alone induces

PR methylation and that both re-expression of ERa and PR

demethylation are necessary for PR re-expression [35].

Interestingly, MDA-MB-231 cells treated with demethy-

lating agents in vitro acquired tamoxifen responsiveness

[38]. In addition, MDA-MB-435 cells treated in vivo with a

combination of Dnmt and HDAC (histone deacetylase)

inhibitors showed an inhibition of tumor growth that was

more evident in ovariectomized animals [39]. However, to

our knowledge, there are no reports examining the in vivo

effect of antiestrogens or tamoxifen in combination with

demethylating agents.

The strength of our study is that we were able to dem-

onstrate PRA methylation for the first time in a mouse

model using two different spontaneous constitutive-resis-

tant tumors, and that in both cases antiprogestin respon-

siveness in vivo could be restored after PRA re-expression.

This is important not only in the context of the experiments

described herein, but, in addition, they support our

hypothesis that high levels of PRA are predictive of

Fig. 7 Expression of Dnmts in constitutive-resistant tumors compared

with the responsive tumors and expression of proteins regulated by

methylation. a Top Immunofluorescence in primary cultures. Cells

growing in chamber slides with 10% FCS were fixed and immunostained

with Dnmt3a-, Dnmt3b-, and Dnmt1-specific antibodies and FITC-labeled

secondary antibodies. PI was used for nuclear staining. Staining was

quantified as explained in ‘‘Materials and methods’’ section. C4-2-HI cells

express a higher level of Dnmt3a and 3b (P\0.05) and Dnmt1 (P\
0.001) than C4-HI, and only a higher level of Dnmt3b (P\0.001) was

observed in 59-HI compared with 59-2-HI. Bottom Immunofluorescence

in frozen tumor sections. Frozen sections from the same tumors samples

which were analyzed by MSP were immunostained for Dnmt3a, Dnmt3b,

and Dnmt1 using the same antibodies described above. C4-2-HI expressed

higher levels of Dnmt3a, Dnmt3b, and Dnmt1 (P\0.001) than C4-HI,

and 59-HI expressed higher levels of Dnmt3b and Dnmt1 (P\0.001) than

59-2-HI. b Representative western blots for Dnmts using nuclear protein

extracts. Samples processed for western blots from the same tumors that

were used to show PR isoform ratio in Fig. 2 were used to evaluate Dnmts’

expression. ERKs were used as loading controls. The band intensities of

two different western blots of the different Dnmts were quantified in

relation to the loading control. C4-2-HI expressed higher levels of Dnmt3a

(P\0.001), Dnmt3b, and Dnmt1 (both P\0.01) than C4-HI. 59-HI

expressed higher levels of Dnmt1 (P\0.01) and Dnmt3b (P\0.001)

than 59-2-HI. c Expression of other methylation-regulated proteins. The

same tumor extracts described above were also probed with antibodies to

E-cadherin, Rb, PTEN, p16, and RARb. The expression pattern of these

proteins was different from the PRA expression pattern shown in Fig. 2

Fig. 8 Gucocorticoid receptor (GR) expression in 5azadC-treated

and -untreated constitutive-resistant C4-2-HI tumors. a Left Cells

growing with 10% FCS were treated for 96 h with or without 5azadC

(5 9 10-7 M) and processed for immunofluorescence using the GR

antibody as described in ‘‘Materials and methods’’ section. FITC-

conjugated secondary antibodies were used. PI was used for nuclear

counterstaining. Right GR staining was quantified using the Image

Quant software as described in ‘‘Materials and methods’’ sec-

tion. 5azadC induced a down regulation in GR expression in vitro;

*** P \ 0,001. b GR expression was analyzed in the nuclear and the

cytosolic extracts from control or 5azadC-treated C4-2-HI samples by

western blot. ERKs were used as a loading control
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antiprogestin responsiveness. Interestingly, although we

have observed an increase in PRA expression in 5azadC-

treated tumors, in most cases, the expression level of PRB

was still higher than the expression level of PRA. This

might be because only some cells re-expressed PRA fol-

lowing treatment with 5azadC, as observed by immuno-

histochemistry. This heterogeneity may explain why the

tumors only showed decreased growth and did not regress

completely.

It has been proposed that impaired ER signaling may be

enough to induce methylation of ER target genes, among

them PR [35]. Since all of these tumors come from hor-

mone-dependent tumors that express a high level of ERa,

PRA, and PRB, it is possible that in the hormone-inde-

pendent switch, these tumors suffered a disruption in ER

signaling that, in turn, induced PRA methylation. This kind

of mechanism has been recently shown in MCF-7 cells

cultured in the presence of an ERa-specific siRNA [35].

However, we could not find a pattern demonstrating that

constitutive antiprogestin-resistant tumors had lower ERa
levels than the responsive tumors. We used four different

primer pairs to examine ERa promoter methylation without

finding any clear differences between the methylation

pattern of resistant and responsive tumors (unpublished

data). Moreover, we have evidence that PRB is still

important for the growth of these tumors, as antisense

oligonucleotides targeting PR inhibit cell proliferation

(unpublished data). Another possibility is that the increase

in the expression of the Dnmts observed in the constitutive-

unresponsive tumors may be responsible for methylating

several genes that favor MPA-independent tumor growth:

among them PRA. In support of this hypothesis, all the

constitutive-resistant tumors of our model grew faster in

vivo and in vitro, showing a stromal-independent pattern of

growth. However, when we used 5azadC alone, no sig-

nificant inhibition of tumor growth was observed. The

restitution of suppressor functions by 5azadC treatment

should have induced an inhibitory effect per se. Instead, we

only observed the inhibitory effect in the presence of RU-

486. In contrast, the E-cadherin, p16, PTEN, Rb, and RARb
genes, all known to be regulated by DNA methylation, did

not follow the same pattern of expression as PRA. Taken

together, this suggests that these tumors exhibit specific

PRA methylation.

There is a compelling experimental and clinical evi-

dence indicating that progestins play an important role in

the induction and maintenance of the neoplastic phenotype

in the mammary gland [40–48]; and thus, the PR may be a

valid therapeutic target. In this regard, several studies have

demonstrated therapeutic effects of antiprogestins either

alone or together with antiestrogens in different experi-

mental models [49–51].

RU-486 is a potent antiprogestin and an antiglucocor-

ticoid [52]. The key role of PR in our experimental model

has already been assessed since two antiprogestins with

less antiglucocorticoid effects such as onapristone (ZK

98299) and ZK 230211 also induced tumor regression [13,

53]. Moreover, PR antisense oligonucleotides inhibited

tumor growth both in vivo and in vitro [54]. However, the

possibility that 5azadC treatment would be increasing GR

receptors had to be discarded. Interestingly, a decrease in

GR expression was observed in 5azadC-treated tumors

both in vivo and in vitro, suggesting that the involvement

of GR in RU-486-induced inhibitory effect is unlikely.

Demethylating agents have been approved for use in

hematologic malignancies, and they are used as differen-

tiating agents [55]. Moreover, it has been proposed that

they may decrease the ‘‘stemness’’ of the tumors and

increase their differentiation [56]. Our data, together with

those of others, suggest that the Dnmt inhibitors may be

used temporarily to restore the expression of therapeutic

targets [16, 38, 56], in our case PRA.

Carcinoma-associated fibroblasts are key players regu-

lating HI tumor growth in our model [32]. Recently, it has

also been shown that these cells are capable of regulating

gene silencing in epithelial tumor cells [57]. We were

interested in investigating whether carcinoma-associated

fibroblasts from tumors with acquired resistance could

change the hormone responsiveness of the epithelial cells.

Surprisingly, although we did not find any differences

between both types of fibroblasts, we observed that epi-

thelial cells with acquired resistance growing on plastic

reacquired their hormone responsiveness and PRA

expression. This highlights the reversibility of PRA

expression, which can be induced by growth on plastic,

estrogen treatment [13], and the duration of the absence

of the hormone [13], but not by 5azadC treatment in

tumors with acquired resistance. This suggests the

involvement of different epigenetic mechanisms in the

regulation of PRA silencing in acquired antiprogestin

resistance.

In summary, we have demonstrated PRA silencing by

promoter methylation in constitutive antiprogestin-resistant

tumors, and that this increased methylation could be cor-

related with a high expression level of Dnmts1 and 3b. In

vitro and in vivo treatment with a demethylating agent,

which was unable to decrease tumor growth, was able to

restore PRA expression and antiprogestin sensitivity. These

results support a therapeutic role for Dnmt inhibitors in

combination with endocrine therapy for those tumors with

a high expression level of Dnmts. The correlation between

PRA expression and antiprogestin responsiveness supports

the use of antiprogestins in breast cancer which should be

therapeutically exploited.

Breast Cancer Res Treat

123



Acknowledgments We are very grateful to Drs. Gorostiaga and

Bolado for excellent technical support, to Dr. S. Vanzulli for her help

in the histopathological evaluation of organs, to Laboratorios Craveri,

Buenos Aires for providing MPA. VW received an award from Avon

Foundation for data presented at the AACR Meeting 2009, the Breast

Cancer Meeting 2009, and ICRETT Fellowship from the UICC per-

mitting training in Dr Russo’s laboratory. This study was supported

by Fundación Sales and SECyT (PICT05, 05-14406) to CL, and by

NCI and NIEHS Grants UO1ES012771 and R21-ES15894 to JR.

Conflicts of interest statement The authors declare that they have

no competing interests.

References

1. Santen RJ, Manni A, Harvey H, Redmond C (1990) Endocrine

treatment of breast cancer in women. Endocr Rev 11:221–265

2. Normanno N, Di Maio M, De Maio E, De Luca A, de Matteis A,

Giordano A, Perrone F (2005) Mechanisms of endocrine resis-

tance and novel therapeutic strategies in breast cancer. Endocr

Relat Cancer 12:721–747

3. Kastner P, Krust A, Turcotte B, Stropp U, Tora L, Gronemeyer H,

Chambon P (1990) Two distinct estrogen-regulated promoters

generate transcripts encoding the two functionally different

human progesterone receptor forms A and B. EMBO J 9:1603–

1614

4. Kraus WL, Katzenellenbogen BS (1993) Regulation of proges-

terone receptor gene expression and growth in the rat uterus:

modulation of estrogen actions by progesterone and sex steroid

hormone antagonists. Endocrinology 132:2371–2379

5. Richer JK, Jacobsen BM, Manning NG, Abel MG, Wolf DM,

Horwitz KB (2002) Differential gene regulation by the two pro-

gesterone receptor isoforms in human breast cancer cells. J Biol

Chem 277:5209–5218

6. Hopp TA, Weiss HL, Hilsenbeck SG, Cui Y, Allred DC, Horwitz

KB, Fuqua SA (2004) Breast cancer patients with progesterone

receptor PR-A-rich tumors have poorer disease-free survival

rates. Clin Cancer Res 10:2751–2760

7. Long BJ, Jelovac D, Handratta V, Thiantanawat A, MacPherson

N, Ragaz J, Goloubeva OG, Brodie AM (2004) Therapeutic

strategies using the aromatase inhibitor letrozole and tamoxifen

in a breast cancer model. J Natl Cancer Inst 96:456–465

8. Macedo LF, Sabnis GJ, Goloubeva OG, Brodie A (2008) Com-

bination of anastrozole with fulvestrant in the intratumoral aro-

matase xenograft model. Cancer Res 68:3516–3522

9. Lanari C, Molinolo AA, Pasqualini CD (1986) Induction of

mammary adenocarcinomas by medroxyprogesterone acetate in

BALB/c female mice. Cancer Lett 33:215–223

10. Molinolo AA, Lanari C, Charreau EH, Sanjuan N, Pasqualini CD

(1987) Mouse mammary tumors induced by medroxyprogester-

one acetate: immunohistochemistry and hormonal receptors. J

Natl Cancer Inst 79:1341–1350

11. Lanari C, Lamb CA, Fabris VT, Helguero LA, Soldati R, Bottino

MC, Giulianelli S, Cerliani JP, Wargon V, Molinolo A (2009)

The MPA mouse breast cancer model: evidence for a role of

progesterone receptors in breast cancer. Endocr Relat Cancer

16:333–350

12. Helguero LA, Viegas M, Asaithamby A, Shyamala G, Lanari C,

Molinolo AA (2003) Progesterone receptor expression in

medroxyprogesterone acetate-induced murine mammary carci-

nomas and response to endocrine treatment. Breast Cancer Res

Treat 79:379–390

13. Wargon V, Helguero LA, Bolado J, Rojas P, Novaro V, Molinolo

A, Lanari C (2009) Reversal of antiprogestin resistance and

progesterone receptor isoform ratio in acquired resistant mam-

mary carcinomas. Breast Cancer Res Treat 116:449–460

14. Momparler RL, Bovenzi V (2000) DNA methylation and cancer.

J Cell Physiol 183:145–154

15. Palii SS, Van Emburgh BO, Sankpal UT, Brown KD, Robertson

KD (2008) DNA methylation inhibitor 5-Aza-20-deoxycytidine

induces reversible genome-wide DNA damage that is distinctly

influenced by DNA methyltransferases 1 and 3B. Mol Cell Biol

28:752–771

16. Brinkman JA, El Ashry D (2009) ER re-expression and re-sen-

sitization to endocrine therapies in ER-negative breast cancers. J

Mammary Gland Biol Neoplasia 14:67–78

17. Jones PA, Baylin SB (2002) The fundamental role of epigenetic

events in cancer. Nat Rev Genet 3:415–428

18. Roll JD, Rivenbark AG, Jones WD, Coleman WB (2008)

DNMT3b overexpression contributes to a hypermethylator phe-

notype in human breast cancer cell lines. Mol Cancer 7:15

19. Ferguson AT, Lapidus RG, Baylin SB, Davidson NE (1995)

Demethylation of the estrogen receptor gene in estrogen receptor-

negative breast cancer cells can reactivate estrogen receptor gene

expression. Cancer Res 55:2279–2283

20. Ferguson DJ, Anderson TJ (1981) Morphological evaluation of

cell turnover in relation to the menstrual cycle in the ‘‘resting’’

human breast. Br J Cancer 44:177–181

21. Lapidus RG, Ferguson AT, Ottaviano YL, Parl FF, Smith HS,

Weitzman SA, Baylin SB, Issa JP, Davidson NE (1996) Meth-

ylation of estrogen and progesterone receptor gene 50 CpG islands

correlates with lack of estrogen and progesterone receptor gene

expression in breast tumors. Clin Cancer Res 2:805–810

22. Nass SJ, Herman JG, Gabrielson E, Iversen PW, Parl FF,

Davidson NE, Graff JR (2000) Aberrant methylation of the

estrogen receptor and E-cadherin 50 CpG islands increases with

malignant progression in human breast cancer. Cancer Res

60:4346–4348

23. Bird AP (1986) CpG-rich islands and the function of DNA

methylation. Nature 321:209–213

24. Lapidus RG, Nass SJ, Davidson NE (1998) The loss of estrogen

and progesterone receptor gene expression in human breast

cancer. J Mammary Gland Biol Neoplasia 3:85–94

25. Ottaviano YL, Issa JP, Parl FF, Smith HS, Baylin SB, Davidson

NE (1994) Methylation of the estrogen receptor gene CpG island

marks loss of estrogen receptor expression in human breast

cancer cells. Cancer Res 54:2552–2555

26. Yang X, Yan L, Davidson NE (2001) DNA methylation in breast

cancer. Endocr Relat Cancer 8:115–127

27. Institute of Laboratory Animal Resources CoLSNRC (1996)

Guide for the care and use of laboratory animals. National

Academy Press, Washington, DC

28. Vanzulli S, Efeyan A, Benavides F, Helguero L, Peters G, Shen J,

Conti CJ, Lanari C, Molinolo A (2002) p21, p27 and p53 in

estrogen and antiprogestin-induced tumor regression of experi-

mental mouse mammary ductal carcinomas. Carcinogenesis

23:749–757

29. Frommer M, McDonald LE, Millar DS, Collis CM, Watt F, Grigg

GW, Molloy PL, Paul CL (1992) A genomic sequencing protocol

that yields a positive display of 5-methylcytosine residues in

individual DNA strands. Proc Natl Acad Sci USA 89:1827–1831

30. Hagihara K, Wu-Peng XS, Funabashi T, Kato J, Pfaff DW (1994)

Nucleic acid sequence and DNase hypersensitive sites of the 50

region of the mouse progesterone receptor gene. Biochem Bio-

phys Res Commun 205:1093–1101

31. Lanari C, Luthy I, Lamb CA, Fabris V, Pagano E, Helguero LA,

Sanjuan N, Merani S, Molinolo AA (2001) Five novel hormone-

responsive cell lines derived from murine mammary ductal

Breast Cancer Res Treat

123



carcinomas: in vivo and in vitro effects of estrogens and prog-

estins. Cancer Res 61:293–302

32. Giulianelli S, Cerliani JP, Lamb CA, Fabris VT, Bottino MC,

Gorostiaga MA, Novaro V, Gongora A, Baldi A, Molinolo A,

Lanari C (2008) Carcinoma-associated fibroblasts activate pro-

gesterone receptors and induce hormone independent mammary

tumor growth: A role for the FGF-2/FGFR-2 axis. Int J Cancer

123:2518–2531

33. Lamb C, Simian M, Molinolo A, Pazos P, Lanari C (1999)

Regulation of cell growth of a progestin-dependent murine

mammary carcinoma in vitro: progesterone receptor involvement

in serum or growth factor-induced cell proliferation. J Steroid

Biochem Mol Biol 70:133–142

34. Mirza S, Sharma G, Prasad CP, Parshad R, Srivastava A, Gupta

SD, Ralhan R (2007) Promoter hypermethylation of TMS1,

BRCA1, ERalpha and PRB in serum and tumor DNA of invasive

ductal breast carcinoma patients. Life Sci 81:280–287

35. Leu YW, Yan PS, Fan M, Jin VX, Liu JC, Curran EM, Welshons

WV, Wei SH, Davuluri RV, Plass C, Nephew KP, Huang TH

(2004) Loss of estrogen receptor signaling triggers epigenetic

silencing of downstream targets in breast cancer. Cancer Res

64:8184–8192

36. Vasilatos SN, Broadwater G, Barry WT, Baker JC Jr, Lem S,

Dietze EC, Bean GR, Bryson AD, Pilie PG, Goldenberg V, Skaar

D, Paisie C, Torres-Hernandez A, Grant TL, Wilke LG, Ibarra-

Drendall C, Ostrander JH, D’Amato NC, Zalles C, Jirtle R,

Weaver VM, Seewaldt VL (2009) CpG island tumor suppressor

promoter methylation in non-BRCA-associated early mammary

carcinogenesis. Cancer Epidemiol Biomarkers Prev 18:901–914

37. Ferguson AT, Lapidus RG, Davidson NE (1998) Demethylation

of the progesterone receptor CpG island is not required for pro-

gesterone receptor gene expression. Oncogene 17:577–583

38. Sharma D, Saxena NK, Davidson NE, Vertino PM (2006) Res-

toration of tamoxifen sensitivity in estrogen receptor-negative

breast cancer cells: tamoxifen-bound reactivated ER recruits

distinctive corepressor complexes. Cancer Res 66:6370–6378

39. Fan J, Yin WJ, Lu JS, Wang L, Wu J, Wu FY, Di GH, Shen ZZ,

Shao ZM (2008) ER alpha negative breast cancer cells restore

response to endocrine therapy by combination treatment with

both HDAC inhibitor and DNMT inhibitor. J Cancer Res Clin

Oncol 134:883–890

40. Pazos P, Lanari C, Meiss R, Charreau EH, Pasqualini CD (1992)

Mammary carcinogenesis induced by N-methyl-N-nitrosourea

(MNU) and medroxyprogesterone acetate (MPA) in BALB/c

mice. Breast Cancer Res Treat 20:133–138

41. Russo IH, Gimotty P, Dupuis M, Russo J (1989) Effect of

medroxyprogesterone acetate on the response of the rat mammary

gland to carcinogenesis. Br J Cancer 59:210–216

42. Aldaz CM, Liao QY, Paladugu A, Rehm S, Wang H (1996)

Allelotypic and cytogenetic characterization of chemically

induced mouse mammary tumors: high frequency of chromosome

4 loss of heterozygosity at advanced stages of progression. Mol

Carcinog 17:126–133

43. Horwitz KB, Tung L, Takimoto GS (1996) Novel mechanisms of

antiprogestin action. Acta Oncol 35:129–140

44. Hyder SM, Murthy L, Stancel GM (1998) Progestin regulation of

vascular endothelial growth factor in human breast cancer cells.

Cancer Res 58:392–395

45. Goepfert TM, McCarthy M, Kittrell FS, Stephens C, Ullrich RL,

Brinkley BR, Medina D (2000) Progesterone facilitates chro-

mosome instability (aneuploidy) in p53 null normal mammary

epithelial cells. FASEB J 14:2221–2229

46. Lydon JP, Ge G, Kittrell FS, Medina D, O’Malley BW (1999)

Murine mammary gland carcinogenesis is critically dependent on

progesterone receptor function. Cancer Res 59:4276–4284

47. Women’s Health Initiative (2002) Risks and benefits of estrogen

plus progestin in healthy postmenopausal women principal results

From the Women’s Health Initiative randomized controlled trial.

JAMA 288:321–333

48. Beral V (2003) Breast cancer and hormone-replacement therapy

in the Million Women Study. Lancet 362:419–427

49. Klijn JG, Setyono-Han B, Foekens JA (2000) Progesterone

antagonists and progesterone receptor modulators in the treatment

of breast cancer. Steroids 65:825–830

50. Moore MR (2004) A rationale for inhibiting progesterone-related

pathways to combat breast cancer. Curr Cancer Drug Targets

4:183–189

51. Gaddy VT, Barrett JT, Delk JN, Kallab AM, Porter AG,

Schoenlein PV (2004) Mifepristone induces growth arrest, cas-

pase activation, and apoptosis of estrogen receptor-expressing,

antiestrogen-resistant breast cancer cells. Clin Cancer Res

10:5215–5225

52. Horwitz KB (1992) The molecular biology of RU486. Is there a

role for antiprogestins in the treatment of breast cancer? Endocr

Rev 13:146–163

53. Montecchia MF, Lamb C, Molinolo AA, Luthy IA, Pazos P,

Charreau E, Vanzulli S, Lanari C (1999) Progesterone receptor

involvement in independent tumor growth in MPA-induced

murine mammary adenocarcinomas. J Steroid Biochem Mol Biol

68:11–21

54. Lamb CA, Helguero LA, Giulianelli S, Soldati R, Vanzulli SI,

Molinolo A, Lanari C (2005) Antisense oligonucleotides target-

ing the progesterone receptor inhibit hormone-independent breast

cancer growth in mice. Breast Cancer Res 7:R1111–R1121

55. Lyko F, Brown R (2005) DNA methyltransferase inhibitors and

the development of epigenetic cancer therapies. J Natl Cancer

Inst 97:1498–1506

56. O’Brien CS, Howell SJ, Farnie G, Clarke RB (2009) Resistance

to endocrine therapy: are breast cancer stem cells the culprits? J

Mammary Gland Biol Neoplasia 14:45–54

57. Lin HJ, Zuo T, Lin CH, Kuo CT, Liyanarachchi S, Sun S, Shen R,

Deatherage DE, Potter D, Asamoto L, Lin S, Yan PS, Cheng AL,

Ostrowski MC, Huang TH (2008) Breast cancer-associated

fibroblasts confer AKT1-mediated epigenetic silencing of Cyst-

atin M in epithelial cells. Cancer Res 68:10257–10266

Breast Cancer Res Treat

123


	Hypermethylation of the progesterone receptor A in constitutive antiprogestin-resistant mouse mammary carcinomas
	Abstract
	Introduction
	Materials and methods
	Animals
	Tumors
	Reagents
	Methylation-specific PCR (MSP)
	Cloning and sequencing of MSP products
	Primary cultures and co-cultures
	Culture media
	Primary cultures
	Co-cultures

	Cell proliferation
	Treatment of epithelial cells with 5azadC in vitro
	In vivo treatment with RU-486 and 5azadC
	Western blots
	Immunofluorescence
	Immunohistochemistry
	Morphological studies
	Statistical analysis

	Results
	Carcinomas with acquired resistance regain their hormone responsiveness and the PRA/PRB ratio  when cultured on plastic
	The incubation of epithelial tumor cells  with carcinoma-associated fibroblasts does not  modify their hormone responsiveness
	PRA expression is silenced by methylation only  in constitutive antiprogestin-resistant tumors
	In vitro treatment with 5azadC induces PRA expression and RU-486 responsiveness in constitutive-resistant purified epithelial cells
	In vivo 5azadC treatment induces PRA expression  and RU-486 responsiveness in constitutive antiprogestin-resistant tumors
	Constitutive antiprogestin-resistant tumors express high levels of DNA methyltransferases
	E-Cadherin, p16, PTEN, Rb, and RAR beta  are not silenced in constitutive antiprogestin-resistant tumors
	Glucocorticoid receptor expression decreases  in constitutive antiprogestin-resistant tumors  treated with 5azadC

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /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
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /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
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


