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ABSTRACT
PC cell-derived growth factor, also known as progranulin, is an Mr
88,000 growth factor (referred as PCDGF/GP88) overexpressed in human
breast cancer. Antisense inhibition of PCDGF/GP88 expression in MDAMB-468 cells inhibited tumor formation in nude mice. In estrogen receptor-positive cells, PCDGF/GP88 was expressed in response to estradiol
and shown to mediate its mitogenic effect. Pathologic studies indicated
that PCDGF/GP88 was expressed in 80% of invasive ductal carcinomas in
correlation with parameters of poor prognosis. In the present article, the
relationship between PCDGF/GP88 expression and tamoxifen resistance
was examined in MCF-7 cells. PCDGF/GP88 overexpression rendered
MCF-7 cells able to proliferate in the absence of estrogen and in the
presence of tamoxifen. The PCDGF/GP88-overexpressing cells formed
tumors in ovariectomized nude mice in the absence of estradiol and in its
presence, in contrast to MCF-7 cells. Tumor growth of the overexpressing
cells was increased significantly when the mice were treated with tamoxifen. PCDGF/GP88 blocked tamoxifen-induced apoptosis by preventing
down-regulation of bcl-2 expression and poly(ADP-ribose) polymerase
cleavage. In addition, PCDGF/GP88-overexpressing cells presented
higher level of the angiogenic factors vascular endothelial growth factor
and angiopoietin-1 than MCF-7 control cells. Tamoxifen treatment additionally increased the level of vascular endothelial growth factor. These
studies suggest that PCDGF/GP88 plays a critical role in breast cancer
tumorigenesis and in the transition to estrogen independence and tamoxifen resistance, a hallmark of poor prognosis. On the basis of the in vivo
studies, it is postulated that tamoxifen treatment of patients with estrogen
receptor-positive breast tumors overexpressing PCDGF/GP88 could have
adverse clinical consequences.

INTRODUCTION
Antiestrogen therapy is widely used for the management of breast
cancer because it is well tolerated unlike conventional cytotoxic
chemotherapy regimens. Tamoxifen has been the major agent used for
this purpose until the recent development and clinical application of
novel estrogen receptor (ER) antagonists such as ICI 182,780 (1). The
inhibitory effect of tamoxifen is observed almost exclusively in breast
tumors that are ER⫹ because estrogen is the major growth stimulator
for these types of tumors. However, after prolonged antiestrogen
hormonal therapy, breast cancer often progresses from an estrogensensitive state to an estrogen-insensitive state (2). In this case, the
growth of breast tumors that was inhibited previously by tamoxifen
becomes refractory to tamoxifen treatment. Although the development
of tamoxifen resistance may be associated with the acquisition of an
ER⫺ phenotype, tamoxifen resistance also has been observed in ER⫹
Received 7/31/03; revised 12/18/03; accepted 12/31/03.
Grant support: Grants RO1 CA 85367 from the NIH, DAMD 17– 01-1– 0550 and
DAMD 17– 01-1– 0551 from the Department of Defense Breast Cancer Research program, and 9857-AFF and BCTR2000 –356 from the Susan G. Komen Breast Cancer
Foundation. W. Tangkeangsirisin is the recipient of predoctoral scholarship from the
Royal Thai Government.
The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.
Requests for reprints: Ginette Serrero, A&G Pharmaceutical Inc., 9130 Red Branch
Road, Suite U, Columbia, MD 21045. Phone: 410-884-4100; Fax: 410-884-1605; E-mail:
gserrero@agrx.net.

tumors (3, 4). In these later cases, constitutive overexpression of
autocrine growth factor or growth factor receptor by tumor cells has
been proposed as one possible mechanism for developing tamoxifen
resistance (5). Such increased autocrine or paracrine growth factor
signaling network then could bypass the need for ER-mediated growth
stimulation in human breast cancer cells and would render antiestrogen therapy ineffective. For example, clinical studies have reported a
decreased efficacy of tamoxifen for tumors overexpressing c-erbB2
(6). In addition to inhibiting the growth-promoting effect of estrogen,
tamoxifen also has been shown to induce programmed cell death in
breast cancer cell lines and clinical samples (7–9). Failure to undergo
apoptosis in response to tamoxifen also would confer tamoxifen
resistance (10). Therefore, increase in autocrine growth factor signaling that mediates proliferation signals and antiapoptotic signals may
induce resistance to tamoxifen therapy.
PC cell-derived growth factor (PCDGF/GP88) is an Mr 88,000
cysteine-rich glycoprotein originally purified as an autocrine growth
factor from the conditioned medium of the highly tumorigenic mouse
teratoma PC cells (11). PCDGF/GP88, also known as granulin/epithelin precursor or progranulin, is overexpressed in many cancer cells,
including teratoma (12), breast cancer (13), ovarian cancer (14), renal
carcinoma (15), multiple myeloma (16), and glioblastoma (17). It has
been reported that PCDGF/GP88 stimulates proliferation and survival
in several cell types, including cancer cells and fibroblasts, endothelial
cells, and preimplantation embryos (18). These biological activities
are mediated via activation of mitogen-activated protein kinase
(MAPK) and phosphatidylinositol 3⬘-kinase (PI3K) pathways (19). In
human breast cancer cells, PCDGF/GP88 expression was stimulated
by estradiol in a time- and dose-dependent fashion in ER⫹ cells (13).
In these cells, PCDGF/GP88 was shown to mediate the mitogenic
activity of estrogen by stimulating cyclin D1 expression (20). Inhibition of PCDGF/GP88 expression in ER⫺ MDA-MB-468 cells by
antisense transfection led to a complete inhibition of tumorigenesis in
nude mice (21). Pathologic studies in paraffin-embedded breast cancer
biopsies have shown that high PCDGF/GP88 expression was found in
60% of ductal carcinomas in situ and in 80% of invasive ductal
carcinomas (IDCs), whereas normal mammary epithelium and benign
tumors tested negative for PCDGF/GP88 (22). In IDCs, PCDGF/
GP88 expression correlated with parameters of poor prognosis, such
as tumor grade, proliferation index, and p53 positivity. Correlation
studies with ER expression in the biopsies indicated that PCDGF/
GP88 expression was found in ER⫹ and ER⫺ tumors (22). Interestingly, 20% of ER⫹ IDCs expressed high level of PCDGF (21). In the
present article, we examined the effect of PCDGF/GP88 overexpression in ER⫹ breast cancer cells and investigated the possible correlation between PCDGF/GP88 overexpression and tamoxifen resistance in human breast cancer cells. We used PCDGF/GP88overexpressing MCF-7 cells as models to determine the effect of
PCDGF/GP88 on responsiveness of the cells to tamoxifen in vitro and
in mouse xenograft models. Our results indicate that the overexpression of PCDGF/GP88 confers tamoxifen resistance, prevents tamoxifen-induced apoptosis in MCF-7 cells, and promotes tumor growth
and angiogenesis in the presence of tamoxifen in vivo.
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MATERIALS AND METHODS
Materials. 17␤-Estradiol (E2) was purchased from Calbiochem (San Diego, CA). G418, Taq polymerase, and Superscript II were obtained from Life
Technologies, Inc. (Rockville, MD). Tamoxifen was purchased from SigmaAldrich (St. Louis, MO). The Biopolymer Core Laboratory of the University of
Maryland (Baltimore, MD) synthesized the oligonucleotide primers used in the
reverse transcription-PCR. All of the pellets were obtained from Innovative Research of America (Sarasota, FL). Enhanced chemiluminescence kit was obtained
from Pierce (Rockford, IL). Mouse anti-poly(ADP-ribose) polymerase antibody
(anti-PARP) was purchased from Oncogene Research (Boston, MA).
Cell Proliferation Assay. The ER⫹ human breast cancer cell line MCF-7
was obtained from American Type Culture Collection (Manassas, VA). Pools
of PCDGF/GP88-overexpressing MCF-7 cells (O4 and O7 cells) were developed by transfection of PCDGF-pcDNA3 expression vector as described
previously (20). Control MCF-7 cells (MCF-7 EV) were obtained by transfecting empty pcDNA3 vector and selecting G418-resistant cells as described
previously (20). Both cell lines were maintained in DMEM/F12 supplemented
with 5% fetal bovine serum (FBS) and 400 g/ml of G418. For proliferation
assay, 5 ⫻ 104 cells were plated in six-well culture plates (Costar, Cambridge,
MA) in phenol red-free ␣-MEM (PFMEM) supplemented with 5% charcoalextracted FBS. Cells were treated with either 1 nM E2 alone or in combination
with 1 M tamoxifen. Control cells were treated with vehicle alone (0.01%
DMSO). Medium was changed on day 4. Cell numbers were counted by
hemocytometer. Each time point was performed in triplicate. Doubling time
was calculated by nonlinear regression using Sigma Plot version 8.0 software.
[3H]-Thymidine Incorporation Assay. Cells were inoculated at a density
of 4 ⫻ 104 cells per well on 24-well dishes in DMEM/F12 supplemented with
5% FBS. After 24 h of incubation, the medium was changed to PFMEM and
supplemented with 5% charcoal-extracted FBS. After 24 h, cells were washed
once with medium, and medium was changed to serum-free PFMEM. The cells
were treated for 24 h with vehicle only, 1 nM of E2 alone, or with increasing
doses of tamoxifen. Thymidine incorporation assay was performed in triplicate
as described previously (13).
In Vivo Tumorigenesis Assay in Nude Mice. MCF-7 EV or O4 cells
(5 ⫻ 106 cells per site) were injected s.c. at two sites into 6-week-old
ovariectomized athymic female nude mice (National Cancer Institute, Frederick, MD). E2 pellets (1.7 mg; 60-d release) or placebo pellets were implanted
s.c. into the back 1 day before inoculating the cells. Five to 10 nude mice per
experimental group were used depending on the experiments. For the in vivo
tamoxifen resistance experiment, the animals that had received E2 pellets and
been injected with the cells were implanted with tamoxifen base pellets (5 mg;
60-day release) or placebo pellets 10 days after the cell inoculation. The width
(W) and length (L) of individual tumors were measured weekly with a caliper.
Average tumor volume was calculated with the widely used formula: tumor
volume ⫽ (W2 ⫻ L) ⫻ 0.5. The Institutional Animal Care and Use Committee
of the University of Maryland, Baltimore approved all of the animal studies.
Measurement of ERE-Luciferase Reporter Gene Activity. MCF-7 EV
or O4 cells (2.5 ⫻ 105 cells) were plated in PFMEM supplemented with 5%
FBS in six-well plates. Cells were transfected transiently with pGL2-EREluciferase plasmid DNA by Lipofectamine (Life Technologies, Inc.). The
pcDNA3 ␤-galactosidase construct was cotransfected as an internal control to
determine transfection efficiency. One nM E2 and/or 1 M tamoxifen were
added 5 h after transfection. Cell lysates from triplicate dishes were collected
using reporter lysis buffer 36 h after transfection. Determination of luciferase
and ␤-galactosidase activities was performed using kits following the manufacturer’s protocols (Promega, Madison, WI). Luciferase activities were normalized to the transfection efficiency determined by measuring ␤-galactosidase activity of each sample.
Determination of mRNA Expression for bcl-2, bcl-xL, bax, VEGF,
Angiopoietin-1, and Angiopoietin-2 by Reverse Transcription-PCR. Five
g of total RNA were reverse transcribed into single-strand cDNA by Superscript II (Life Technologies, Inc.) using 250 ng random hexamer (Life Technologies, Inc.) as primer. The reverse transcription reaction was carried out for
1 h at 42°C in 10 mM Tris-HCl (pH 8.3), 2.5 mM MgCl2, 50 mM KCl, 0.01 M
DTT, and 0.5 mM deoxynucleoside triphosphate. A total of 30 –35 PCR cycles,
depending on the gene amplified, was performed, followed by electrophoresis
on 1% agarose gel. The specific primer pairs used were
for glyceraldehyde 3-phosphate dehydrogenase: forward primer, 5⬘-

TGAAGGTCGGAGTCAACGGATTTGGT-3⬘ and reverse primer, 5⬘-CATGTGGGCCATGAGGTCCACCAC-3⬘;
for bcl-2: forward primer, 5⬘-GGTGCCACCTGTGGTCCACCTG-3⬘ and
reverse primer, 5⬘-CTTCACTTGTGGCCCAGATAGG-3⬘;
for bax: forward primer, 5⬘-GAGCAGATCATGAAGACAGGGG-3⬘ and
reverse primer, 5⬘-CTCCAGCAAGGCCCAGCGTC-3⬘;
for bcl-xL: forward primer, 5⬘-CAGTGAGTGAGCAGGTGTTTTGG-3⬘
and reverse primer, 5⬘-GTTCCACAAAAGTATCCCAGCCG-3⬘;
for vascular endothelial growth factor (VEGF): forward primer, 5⬘-ATGAACTTTCTGCTGTCTTGGGT-3⬘ and reverse primer, 5⬘-TCACCGCCTCGGCTTGTCAC-3⬘;
for angiopoietin-1: forward primer, 5⬘-TTGCTTTCCTCGCTGCCATTC-3⬘
and reverse primer, 5⬘-CAGCATGGTAGCCGTGTGGTTC-3⬘;
for angiopoietin-2: forward primer, 5⬘-AGCTACACTTTCCTCCTGCCAG-3⬘ and reverse primer, 5⬘-AGCCGTCTGGTTCTGTACTGC-3⬘.
Western Blot Analysis of PARP Cleavage. Cells were seeded at a density
of 7 ⫻ 105 cells in a 60-mm dish with DMEM/F12 supplemented with 5%
FBS. After 24 h, medium was changed to serum-free phenol red-free DMEM/
F12 supplemented with vehicle or purified PCDGF/GP88 (400 ng/ml) for
another 24 h. Cells were treated with either vehicle only or factors under
investigation for 24 h. Cell lysates were collected in RIPA buffer [50 mM
Tris-HCl (pH 7.4), containing 1% NP40, 0.25% sodium deoxycholate, 150 mM
NaCl, 1 mM EDTA, 1 mM sodium orthovanadate, 1 mM NaF, and protease
inhibitor mixture] containing 6 M urea. One hundred g of protein from each
sample were used for immunoblotting. Intact and cleaved forms of PARP were
detected using a mouse monoclonal anti-PARP antibody. The band intensity of
the PARP cleaved form was determined by densitometric analysis and normalized to the actin level used as internal standard.
Statistical Analysis. All of the experiments were conducted in triplicate
and repeated at least twice. Data were analyzed by Student’s t test for mean
comparison and statistical significance. The values are reported as mean ⫾ SE.

RESULTS
Overexpression of PCDGF/GP88 Promotes Growth and Confers Tamoxifen Resistance in Vitro. We first compared the effect of
increasing doses of tamoxifen on the proliferation of PCDGF/GP88overexpressing MCF-7 cells (O4 and O7 cells) and the empty vector
transfected MCF-7 EV. As shown in Fig. 1A, DNA synthesis in
PCDGF/GP88-overexpressing cells (O4 and O7) was not affected by
tamoxifen, even at doses (1 M) that inhibited MCF-7 EV proliferation by 90%. Similar results were observed (Fig. 1B). PCDGF-overexpressing cells could proliferate in the absence of E2 (doubling time
O4, 42.1 ⫾ 0.7 h; O7, 39.1 ⫾ 1.95 h; P ⬎ 0.05) and in the presence
of E2 alone (doubling time O4, 37.3 ⫾ 1.6 h; O7, 35.4 ⫾ 2.2 h;
P ⬎ 0.05) or with 1 M tamoxifen (doubling time O4, 39.1 ⫾ 1.4 h;
O7, 37.4 ⫾ 2.4 h; P ⬎ 0.05), close to the doubling time of MCF-7 EV
cells in the presence of E2 (37.9 ⫾ 1.0 h). In the absence of E2,
doubling time of MCF-7 was 61.8 ⫾ 1.0 h. On the basis of these data,
all of the subsequent experiments were carried out with O4 cells as
representative of PCDGF/GP88-overexpressing cells.
PCDGF/GP88 Overexpression Mediates Estrogen-Independent
Tumor Growth in Vivo. Because PCDGF-overexpressing cells were
able to proliferate in the absence of E2 in vitro, their ability to form
tumors in ovariectomized nude mice implanted with either placebo or
E2 pellets was determined. Tumor sizes were determined as described
in “Materials and Methods.” As shown in Fig. 2, O4 cells formed
tumors in placebo- and E2 pellet-implanted ovariectomized mice,
whereas MCF-7 EV cells formed tumors only in mice receiving E2
pellets (mean tumor volume of MCF-7 with E2 ⫽ 42.4 ⫾ 4.0 mm3).
The incidence of tumor formation for O4 cells in placebo- and
E2-treated ovariectomized mice (70 –90%) was higher than for MCF-7
EV cells in E2-treated mice (33– 40%). Interestingly, unlike the tumor
incidence, the mean volume of O4 tumors was larger in mice treated
with E2 pellets (148.3 ⫾ 59.3 mm3; P ⬍ 0.045) than in mice receiving
placebo (62.2 ⫾ 7.0 mm3). This would suggest that although PCDGF/
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Tamoxifen Treatment Stimulates Growth of PCDGF/GP88Overexpressing Cells in Vivo. Because tamoxifen failed to inhibit
O4 cells in vitro, its effect on O4 cell tumorigenesis then was examined in mouse xenografts as described in “Materials and Methods.” As
shown in Fig. 3A, tamoxifen inhibited MCF-7 EV tumor formation
(85% inhibition; P ⬍ 0.05) in agreement with the reported inhibitory
effect of tamoxifen in ER⫹ MCF-7 tumor growth. In contrast, O4 cells
formed tumors in mice with or without tamoxifen without any change
in tumor incidence (100%). Interestingly, monitoring of tumor volume
during the 45 days after tamoxifen implant showed a statistically
significant stimulation of tumor growth in the tamoxifen-treated group
when compared with placebo control at each time point (Fig. 3A). As
shown in Fig. 3B, the increase in volume of O4 tumors during the 45
days (V45/V0) was significantly higher in tamoxifen-treated mice
(6.69 ⫾ 0.43) than in placebo-treated mice (4.77 ⫾ 0.70; P ⬍ 0.05).
These data demonstrate that PCDGF/GP88 overexpression in breast
cancer cells confers estrogen independence and tamoxifen resistance
in vivo and that tamoxifen potentiates tumor growth in cells that
overexpressed PCDGF/GP88.
It is known that tamoxifen can act as an ER agonist and antagonist
depending on the tissue types and the distribution of specific ER
coactivators and corepressors (23). Because tamoxifen appears to
have growth-stimulatory activity in vivo for PCDGF/GP88-overex-

Fig. 1. Effect of 17␤-estradiol (E2) and tamoxifen on the proliferation of O4 and
MCF-7 EV cells. A, effect of tamoxifen on DNA synthesis. MCF-7 EV (F), O4 cells (),
and O7 cells (f; 4 ⫻ 104 cells/well) were incubated in the presence of 1 nM E2 alone or
in combination with increasing doses of tamoxifen. DNA synthesis was measured by
thymidine incorporation, as described in “Materials and Methods.” Data are represented
as percent of control corresponding to DNA synthesis of cells treated with E2 only.
Experiments were performed in quadruplicate. B, long-term growth in estrogen-depleted
medium. PCDGF/GP88-overexpressing O4 cells were cultivated in phenol red-free
␣-MEM containing 5% charcoal-extracted fetal bovine serum supplemented with vehicle
(F), 1 nM E2 alone (), or in combination with 1 M tamoxifen (f).

Fig. 2. In vivo tumor growth of MCF-7 EV and O4 cells in ovariectomized nude mice
in the absence or presence of estradiol. MCF-7 EV and O4 cells were injected s.c. into two
sites of ovariectomized athymic nude mice that had received 17␤-estradiol (E2; 60-day
release) or placebo pellets. Mice were monitored daily for tumor appearance. Data
provided correspond to the tumor volume at 45 days for individual tumors.

GP88-overexpressing cells could proliferate in the absence of E2, they
maintained responsiveness to E2 in vivo. This finding was compatible
with the fact that PCDGF/GP88-overexpressing cells presented similar levels of ER expression than MCF-7 EV cells (20). These data
indicate that PCDGF/GP88 overexpression in breast cancer cells
increased the tumorigenicity of the cells and conferred them the
ability to form tumors in the absence of estrogen.

Fig. 3. Effect of tamoxifen on the growth of O4 cells in nude mice. Twenty female
nude mice were implanted with 17␤-estradiol pellets 1 day before O4 cells were injected
(two sites per mouse) as described in “Materials and Methods.” After 10 days, when the
tumors were visible, the mice were separated in two groups that received either placebo
pellets or tamoxifen pellet (referred as day 0). Tumor growth was monitored as described
previously for an additional 45 days. At the end of the experiments, the tumors were
excised to extract RNA for the reverse transcription-PCR described below. A, time course
of MCF-7 EV and O4 tumor development in the absence ( and F) or presence (ƒ and
F) of tamoxifen. B, growth of O4 tumor expressed as V45/V0 for individual tumors
measured at day 45 (V45) after tamoxifen or placebo treatment. The increase in tumor
volume (Vt/V0) was expressed as the ratio of mean tumor volume determined at each time
point (Vt) and over the one at day 0 (V0; time when tamoxifen or placebo pellets were
implanted). Values are expressed as mean ⫾ SE. ⴱP ⬍ 0.05.
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pressing cells, we examined whether tamoxifen could act as an ER
agonist instead of an ER antagonist in these cells. For this purpose, we
compared the effect of tamoxifen on ERE-luciferase reporter gene
activity in MCF-7 EV and O4 cells in the presence and absence of E2.
As shown in Fig. 4, E2 stimulated ERE-luciferase activity in MCF-7
EV and O4 cells by 4.2- and 3.7-fold, respectively, over the control
untreated level. Tamoxifen inhibited E2-mediated stimulation of EREluciferase activity by 80% in MCF-7 EV cells and by 56% in O4 cells
(P ⬍ 0.05). In the absence of E2, tamoxifen stimulated ERE-luciferase
activity by 1.6-fold in the PCDGF-overexpressing cells (P ⬍ 0.05),
whereas it slightly inhibited it in MCF-7 EV cells. These data indicate
that tamoxifen maintains its ER antagonist effect in PCDGF/GP88overexpressing cells treated with estrogen. This would suggest that
tamoxifen-mediated stimulation of PCDGF/GP88 tumor growth is not
simply because of an agonistic effect of tamoxifen and may involve
alternative pathways.
PCDGF/GP88 Prevents Tamoxifen-Induced PARP Cleavage.
It has been reported that tamoxifen exerts two independent effects on
ER⫹ breast cancer cells (i.e., inhibition of ER function and activation
of apoptosis via down-regulation of bcl-2; Refs. 9, 24). Because
PCDGF/GP88 confers tamoxifen resistance, experiments were carried
out to examine whether PCDGF/GP88 was acting by preventing
tamoxifen-mediated apoptosis. Initial studies examined whether PCDGF/GP88 treatment inhibited PARP cleavage induced by tamoxifen
in MCF-7 EV cells. Cleavage of PARP is a hallmark of caspasedependent apoptosis (25, 26). As shown in Fig. 5, tamoxifen treatment
induced apoptosis of MCF-7 EV cells, as seen by the increase of
cleaved PARP form (Mr 85,000) when compared with control untreated cells. PARP cleavage induced by tamoxifen in MCF-7 EV
cells was inhibited by the addition of PCDGF/GP88 (80% inhibition;
P ⬍ 0.05), similarly to E2 taken as a positive control.
PCDGF/GP88 Inhibits Apoptosis by Preventing TamoxifenInduced bcl-2 Down-Regulation. Apoptosis is controlled by the
ratio of proapoptotic and antiapoptotic factors (27), particularly bcl-2,
bcl-xL, and bax (28). Previous reports have suggested that bcl-2
expression was down-regulated by tamoxifen treatment, leading to
activation of apoptosis in MCF-7 cells (9) and in tissues from patients
treated with tamoxifen (8). Therefore, the status of bcl-2 expression
was examined in MCF-7 EV and O4 cells treated with tamoxifen. As
shown in Fig. 6, tamoxifen induced the down-regulation of bcl-2
transcript in MCF-7 EV cells in a dose-dependent manner. In contrast,
tamoxifen failed to down-regulate bcl-2 in O4 cells even at doses that

Fig. 4. Effect of 17␤-estradiol (E2) and tamoxifen on ERE-luciferase reporter gene
activity in MCF-7 EV and O4 cells. Cells were cotransfected with pGL2-ERE-luciferase
and ␤-galactosidase reporter gene constructs. E2 (1 nM) and/or tamoxifen (1 M) were
added after transfection. Cell lysates were collected after 36 h to assay luciferase activity.
The data for luciferase activities are expressed as fold of activation above the control
untreated cells.

Fig. 5. PCDGF/GP88 prevents poly(ADP-ribose) polymerase (PARP) cleavage and
inhibits apoptosis induced by tamoxifen in MCF-7 EV cells. MCF-7 EV cells were
cultivated in estrogen-depleted medium and treated with tamoxifen (Tam), 17␤-estradiol
(E2), or PCDGF/GP88 as indicated in “Materials and Methods.” The level of PARP
cleavage was determined by the presence of Mr 85,000 band (top). Level of ␤-actin was
determined as internal control for equal loading (bottom). Data are representative of three
independent experiments.

Fig. 6. PCDGF/GP88 prevents down-regulation of tamoxifen-induced bcl-2 expression; bcl-2, bcl-xL, and bax mRNA expression was determined by semiquantitative
reverse transcription-PCR of RNA extracted from MCF-7 EV and O4 cells cultivated with
increasing concentrations of tamoxifen (0.5, 1, and 2 M) as described in “Materials and
Methods.” Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA expression was
used as internal control for loading.

completely down-regulated bcl-2 expression in MCF-7 EV cells.
Interestingly, bax or bcl-xL expression in MCF-7EV cells or O4 cells
remained unchanged at all of the tamoxifen doses tested. These data
suggest that prevention of tamoxifen-induced apoptosis and bcl-2
down-regulation by PCDGF/GP88 is one pathway leading to tamoxifen resistance in breast cancer cells that overexpress this growth
factor.
Tamoxifen Treatment Stimulates Angiogenesis in PCDGF/
GP88-Overexpressing Cells. Our in vivo studies have shown that the
tumor formation of O4 cells in mice treated with E2 and tamoxifen
was increased by tamoxifen (1.4-fold). This indicated that O4 cells not
only failed to be inhibited by tamoxifen but also were growth stimulated by tamoxifen in vivo. Because tamoxifen did not appear to have
a direct growth-stimulatory effect on PCDGF/GP88-overexpressing
cell proliferation in vitro (Fig. 1), we hypothesized that the stimulation
of tumor growth in nude mice could be because of the in vivo
recruitment of other growth-stimulatory pathways that would provide
a growth advantage to the developing tumors. One such possibility
was to examine the expression of angiogenic factors in PCDGF/
GP88-expressing cells. An angiogenic factor microarray identified
VEGFs and angiopoietin-1 and angiopoietin-2 as being expressed by
O4 and MCF-7 EV cells (data not shown). Reverse transcription-PCR
then was used to compare the expression of these angiogenic factors
in vivo in MCF-7 EV and O4 cell tumors obtained from mice treated
with E2 alone or with tamoxifen (Fig. 7). Because tamoxifen induced
tumor regression in MCF-7 EV cells, MCF-7 EV tumors from tamoxifen-treated mice were not included in these comparative studies. The
primer sets selected for VEGF permitted detection of six VEGF
transcripts: VEGF121, VEGF145, VEGF165, VEGF183, VEGF189, and
VEGF206. Only VEGF121, VEGF165, and VEGF189 were detectable in
these tumors. As shown in Fig. 7, O4 tumors expressed much higher
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Fig. 7. Up-regulation of angiogenic factors in O4 tumors from tamoxifen-treated mice.
Expression of vascular endothelial growth factor (VEGF), angiopoietin-1, and angiopoietin-2 was examined by reverse transcription-PCR using RNA extracted from MCF-7 EV
tumors developed in mice treated with 17␤-estradiol (E2; MCF-7 EV), from O4 tumors in
mice treated with E2 (O4), and from O4 tumors in mice treated with E2 and tamoxifen
(O4 ⫹ Tam; four tumors per experimental condition). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression was included as an internal control.

levels of VEGFs (10.4 ⫾ 2.4-fold) and angiopoietin-1 (9.8 ⫾ 1.4fold) than MCF-7 EV tumors. Angiopoietin-2 level remained unchanged. The expression of VEGFs and angiopoietin-1 in O4 tumors
from tamoxifen-treated mice was 3.2 ⫾ 1.2-fold and 1.3 ⫾ 0.1-fold
higher, respectively, than in O4 tumors from placebo-treated mice.
These data indicate that PCDGF/GP88 stimulates the expression of
angiogenic factors in vivo and that tamoxifen potentiates PCDGF/
GP88 effect.
DISCUSSION
The present study demonstrates that PCDGF/GP88 overexpression
confers estrogen independence for growth and tamoxifen resistance to
the human breast cancer MCF-7 cells. This was shown not only by
overexpressing PCDGF/GP88 in MCF-7 cells but also by direct
treatment of MCF-7 cells with PCDGF/GP88. In addition, it was
demonstrated that tamoxifen-resistant MCF-7 cells, selected by culturing the cells in the continuous presence of tamoxifen, expressed
higher level of PCDGF/GP88 than tamoxifen-sensitive cells, thereby
suggesting a direct relationship between PCDGF/GP88 overexpression and tamoxifen resistance.4 Estrogen-independent growth of O4
cells was observed in vitro and in vivo. Notably, PCDGF/GP88overexpressing O4 cells formed tumors in ovariectomized mice even
without E2 supplementation, unlike MCF-7 EV cells. The tumor
incidence and the tumor volume for O4 tumors were significantly
higher than for MCF-7 EV cells in the presence of E2. This indicates
that the overexpression of PCDGF/GP88 is important for tumorigenesis of ER⫹ breast cancer cells. It has been reported previously that
the inhibition of PCDGF/GP88 expression in the ER⫺ MDA-MB-468
cells by antisense PCDGF/GP88 cDNA transfection prevented tumor
formation in nude mice (21). The present data provide evidence that
PCDGF/GP88 overexpression also is important for the tumorigenesis
of ER⫹ breast cancer cells. This conclusion is in agreement with our
pathologic studies reporting high PCDGF/GP88 staining in ER⫹ and
ER⫺ IDCs (22). In addition, we have found that O4 cells maintained
unchanged levels of functional ER expression as shown by the comparable activation of ERE-luciferase reporter gene construct by E2 in
O4 and MCF-7 EV cells (20). These data and the estrogen-indepen4

Unpublished observations.

dent growth of O4 cells in vitro and in vivo shown here support the
hypothesis that the effect of PCDGF/GP88 in promoting tumor
growth is the result of a direct autocrine effect of the growth factor.
Although the PCDGF/GP88-overexpressing cells proliferated in estrogen-depleted conditions, they retained growth responsiveness to E2
in vitro and particularly in vivo. The mean O4 tumor volume was
increased significantly in mice treated with E2 pellets compared with
placebo pellets. This would suggest that PCDGF/GP88 does not
mediate all of the E2 growth-promoting effects and that E2 and
PCDGF/GP88 signaling pathways have additive effects.
In addition to rendering the growth of breast cancer cells estrogen
independent, overexpression of PCDGF/GP88 led to tamoxifen resistance in vitro and in vivo. Resistance to tamoxifen in PCDGF/GP88overexpressing cells was observed in vitro by thymidine incorporation
and long-term proliferation assays. Overexpression of several growth
factors or growth factor receptors has been found to be associated with
tamoxifen resistance, especially in MCF-7 cells (5). HER-2 receptor
overexpression promotes tamoxifen resistance in MCF-7 cells (29).
However, in this case, the resistance corresponded to a decreased
ability of tamoxifen to inhibit tumor growth in vivo rather than a
complete loss of tamoxifen response. Blockade of MAPKs in these
cells restored tamoxifen sensitivity, suggesting that activation of
MAPK was involved in the HER-2-mediated tamoxifen resistance
(30). It has been suggested that cross-talk between MAPK and ER
enhanced ligand-independent ER activation, resulting in antiestrogen
resistance (31, 32). In contrast, other studies have shown that MAPK
activation was not sufficient to confer tamoxifen resistance (33).
Another signaling pathway, PI3K, also was reported recently to activate ER␣ in MCF-7 cells (34) and to protect cells from apoptosis (35).
Our previous study in MCF-7 cells has shown that PCDGF/GP88
activates MAPK and PI3K signaling pathways (20).4 Therefore, PCDGF/GP88 overexpression could contribute to tamoxifen resistance
by activating either one or both of these pathways. It should be noted
that PCDGF overexpression also conferred resistance to the pure ER
antagonist ICI 182,780.4
Our in vivo studies show that PCDGF/GP88-overexpressing cells
not only failed to be inhibited by tamoxifen but also formed larger
tumors in mice treated with tamoxifen. Growth stimulation by tamoxifen has been reported previously for breast cancer cells transfected
with fibroblast growth factor 1 or fibroblast growth factor 4, although
the mechanism leading to tamoxifen growth stimulation for fibroblast
growth factor 4-overexpressing cells remains unclear (36, 37). The
data presented here offer evidence for two possible pathways by
which PCDGF/GP88 expression leads to tamoxifen resistance (i.e.,
inhibition of tamoxifen-induced apoptosis and stimulation of angiogenic factor expression).
It has been reported that the inhibitory effect of tamoxifen on the
growth of estrogen-dependent cells involves induction of apoptosis (7,
9, 38). The balance between proapoptotic and antiapoptotic factors
determines apoptosis (39). HER-2 overexpression in MCF-7 cells
suppresses tamoxifen-induced apoptosis by up-regulating bcl-2 and
bcl-xL proteins (40). Moreover, it has been shown that the downregulation of bcl-2 is sufficient to induce apoptosis (9). We demonstrate that PCDGF/GP88 overexpression prevented bcl-2 down-regulation induced by tamoxifen, resulting in inhibition of caspasedependent apoptosis. Tamoxifen had a reduced ability to induce
PARP cleavage in O4 cells. In addition, PCDGF/GP88 added exogenously prevented PARP cleavage induced by tamoxifen in MCF-7
EV cells, indicating that it directly prevented tamoxifen-induced apoptosis. The antideath properties of progranulin (PCDGF/GP88) have
been reported recently for SW13 tumors (41). In this case, it was
shown that overexpression of PCDGF/GP88 prevented anoikis of
serum-starved SW13 cells.
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As noted previously, only in vivo assays in nude mice clearly
demonstrated that the tumor growth of PCDGF/GP88-overexpressing
cells was increased by tamoxifen treatment. The in vitro experiment
did not show any increased proliferation of tamoxifen-treated PCDGF/GP88-overexpressing cells. This would suggest that in addition
to acting via a direct autocrine stimulation of breast cancer cell
growth, PCDGF/GP88 also might promote tumor growth in vivo by
acting indirectly on the stromal components found in the environment
of the tumor, such as the endothelial cells. One likely mechanism
would be by stimulating angiogenesis. Angiogenesis is associated
with tumor progression. Continuous tumor growth requires new blood
vessels to supply nutrients. The stimulation of angiogenic factors
promotes tumor growth as new tumor vessels are recruited to the
tumor site. Various angiogenic factors have been known to be involved in this process. Among them, VEGF is a major inducer of
tumor angiogenesis in breast cancer (42) and is essential for initial in
vivo growth of human breast carcinoma cells (43). We show an
important up-regulation of VEGF and angiopoietin-1 in cells overexpressing PCDGF/GP88 compared with MCF-7 EV cells. The role of
angiopoietin-1 and angiopoietin-2 remains unclear (44 – 47). Angiopoeitin-1 has been shown to act as an angiogenic promoter in embryonic angiogenesis, although its role in tumor neovascularization
remains unclear (47). This would suggest that PCDGF/GP88 overexpression leads to stimulation of angiogenesis in vivo. In support of its
action in angiogenesis, PCDGF/progranulin also was found to potentiate proliferation and promote the formation of tube-like structure in
human dermal microvascular endothelial cells (48). No difference in
angiopoietin-2 expression could be observed between MCF-7 EV and
O4 cells. This is different from MCF-7 cells overexpressing HER-2,
in which up-regulation of angiopoietin-2 was reported (49).
Interestingly, our studies indicate that the levels of VEGF and
angiopoietin-1 in O4 tumors were stimulated additionally by tamoxifen treatment. Although the tamoxifen-treated MCF-7 tumors were
not examined, several published reports have demonstrated that tamoxifen inhibited VEGF expression stimulated by E2 in MCF-7 cells
(50, 51). It is possible that the up-regulation of angiogenic factor
expression, particularly VEGF, may be the result of the overexpression of bcl-2 observed in PCDGF/GP88-overexpressing cells. Such a
relationship between bcl-2 and VEGF expression has been reported
recently in human melanoma via stimulation of VEGF mRNA stability and promoter activation (52). Several cytokines and growth factors, such as tumor necrosis factor ␣, transforming growth factor ␤,
epidermal growth factor, and insulin-like growth factor I, have been
reported to stimulate the expression of angiogenic factors in several
cell types (53). Taken together, these data suggest that tamoxifen
promotes tumor growth in vivo by cooperating with PCDGF/GP88 to
stimulate angiogenesis via VEGF.
We have shown previously that inhibition of PCDGF/GP88 expression by antisense transfection or action by treatment with anti-PCDGF/GP88 neutralizing antibodies resulted in inhibition of proliferation in vivo and in vitro (18). Pathologic studies of PCDGF/GP88
expression in paraffin-embedded biopsies have shown that 80% of
IDCs stained positive for PCDGF/GP88 with a high expression (3⫹)
in 60% of IDCs, which is in contrast to normal mammary epithelium
and benign tumors. In IDCs, PCDGF/GP88 expression correlated well
with prognostic markers such as tumor grade, p53 expression, and
high Ki-67 index (22). These data and the fact that PCDGF/GP88
overexpression in breast tumors treated with tamoxifen results in
larger tumors in nude mice suggest that tamoxifen treatment may have
adverse clinical consequences for patients with PCDGF/GP88-overexpressing breast tumors. Tamoxifen-stimulated phenotype has been
observed in 6.6% of patients with ER⫹ tumors (54). Whether PCDGF/
GP88 overexpression only is seen in these cases or also is implicated

in a larger pool of clinical antiestrogen resistance needs to be investigated.
In summary, the studies presented here demonstrate the role of
PCDGF/GP88 in the tumorigenesis of ER⫹ breast cancer cells. PCDGF/GP88 provides growth and survival advantage by acting as a
mitogen for breast cancer cells, inhibiting tamoxifen-induced apoptosis, and promoting tumor angiogenesis in vivo. In addition, PCDGF/
GP88 overexpression alters cell growth response to estrogen and
tamoxifen.
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