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INTRODUCTION

During the final year of the funding period we have continued to investigate the affect of
AP-1 blockade on the growth of breast cancer cells and have determined the mechanisms
by which AP-1 blockade inhibits the growth of breast cells. By using our inducible
MCF7-Tet-Off TAM67 cell lines, we demonstrated that TAM67 inhibits basal AP-1
activity and AP-1 activity stimulated by several different growth factors. We have also
discovered that AP-1 activation is required to transduce growth factor-induced mitogenic
signals in breast cells. These studies showed that inhibition of AP-1 completely blocked
proliferation of MCF7 cells in response to the serum and peptide growth factors (IGF-1,
EGF, heregulin-B, and FGF). These results demonstrate that the mitogenic pathways
activated by serum, IGF-1, EGF, heregulin-B, and FGF depend on AP-1 to transduce a
proliferative signal. We then determined the mechanisms by which TAM67 inhibits breast
cancer cell growth. These studies showed that AP-1 blockade induced by the expression
of TAM67 causes a GI cell cycle arrest. In the absence of serum, TAM67 also causes
apoptotic cell death. In addition, we have produced the TAM67 retroviral and adenoviral
constructs. We have used these reagents to investigate the role of AP-1 transcriptional
activity in oncogene-induced transformation of breast cells. However, over the last year,
we have not been able to obtain high level of expression of TAM67 using these viral
vectors. Therefore, we have proposed to begin a new project in which we will express the
AP-1 inhibitor in transgenic mice to investigate the effect of AP-1 blockade on mammary
gland development and breast cancer development in vivo. These studies have been
proposed in a new DOD Idea grant proposal.

These studies have demonstrated that AP-1 is a critical regulator of breast cell
growth. The results from these studies will provide the foundation for our ongoing efforts
to develop agents that interfere with AP-1 signaling pathways. Such agents will likely be
useful chemopreventive agents to block breast carcinogenesis.
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BODY

BACKGROUND

Breast cancer is the most common malignancy in women, and the leading cause of
death for women between the ages of 40 and 55 in this country (1). Even with
aggressive mammographic screening, adjuvant chemotherapy, and intensive therapy for
existing cancer, many of the women who develop breast cancer will die from it. Thus,
more effective prevention strategies and treatments are urgently needed.

Unfortunately, little is known about the specific molecular events, which cause the
progressive transformation of human breast epithelial cells to malignant breast cancer.
Studies of model systems of cancer have revealed that multiple steps are involved in

carcinogenesis, including tumor "initiation" and "promotion" events (2). Mutations
and deletions within tumor suppressor genes may represent the molecular equivalent of
breast cancer "initiation" events (3,4). However, the molecular mechanism of breast
tumor "promotion" is poorly defined. In model systems (5), classic tumor promoters
induce the proliferation of initiated cells, leading to the progressive outgrowth of fully
malignant cells. Such tumor promoters typically activate signal transduction pathways
to stimulate cellular proliferation. In human breast cells, the overproduction of growth
factors, or aberrant stimulation of growth factor receptors, may be responsible for the
promotional phase of breast carcinogenesis. Growth factors important for mammary
epithelial cells, such as estrogen, EGF, TGF-a, and the IGFs, may all represent tumor
promoters of human breast cancer. Thus, drugs which inhibit the ability of estrogen to
activate the estrogen receptor (tamoxifen and other antiestrogens) are used to treat
breast cancer. Other drugs which block growth factor receptors, such as antibodies
specific for the epidermal growth factor receptor and the Her2/neu receptor, have been
shown to inhibit breast cancer cell proliferation (9-11), and are now being tested in
clinical trials for the treatment of breast cancer. However, inhibition of individual
signal transduction pathways may ultimately be ineffective, since multiple different
signal transduction pathways can stimulate breast cell proliferation. It may be more
effective to inhibit signal transduction at a more distal point in the cascade, where
multiple mitogenic signals converge. Since transcription factors, the nuclear proteins
that control DNA transcription and gene expression, are the most distal components of
these converging mitogenic signal transduction pathways, they may be ideal targets for
new therapeutic agents.

A key family of transcription factors that transduces multiple mitogenic signals is the
AP-1 family. These transcription factors are complexes of DNA-binding proteins made
up of dimers of Jun and Fos proteins, which bind DNA at specific AP-1 sites and
regulate the transcription of AP-1-dependent genes. AP-1 transcription factors are
expressed in most cell types, and are activated by specific kinases, such as the mitogen-
activated and stress-activated kinases, which are themselves activated by diverse
signals such as growth factor stimulation, exposure to UV light, oxidative stress, tumor
promoters such as TPA,. or oncogene overexpression or activation (reviewed in 6).
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Thus, AP-1 is a central component of many signal transduction pathways in a variety of
cell types.

Previous studies showed that the AP-1 transcription factor family is critical for growth
factor induced proliferation of fibroblasts (12,13). In addition, we (14,15) and others
(16) have shown that AP-1 is also critical for oncogene-induced transformation of
fibroblasts. Specifically, we have demonstrated that AP-1 is critical for the
cotransformation of primary rat embryo cells by ras+jun, ras+fos, or ras+SV40 T
antigen (14), while others have shown that AP-1 is critical for the transformation of
NIH3T3 cells by single oncogenes such as ras, raf, abl, and mos (16). Thus, AP-1 is a
central regulator of transformation as well as mitogenic signaling.

While the role of AP-1 has been extensively studied in fibroblasts, relatively few
studies of the function of AP-1 have been performed in epithelial cells. Thus the exact
role of this transcription factor family in controlling the proliferation and
transformation of epithelial cells is not known. Previous studies from our lab and
others have demonstrated that the Jun and Fos family members are expressed in human
breast cancer cells, and are activated by a variety of important growth factors for these
cells, such as EGF, TGFa, and the IGFs. Other studies have also suggested that
hormones such as estrogens and retinoids can modulate AP-1 transcriptional activity in
breast cells. More recent studies suggest that ER and AP-1 interact to regulate the
expression of certain estrogen and/or tamoxifen regulated genes (17). AP-1 complexes
may be involved in regulating transcription of the ER gene as well (18). These results
suggest that the AP-1 complex may be involved in controlling proliferation of human
breast cells. However, definitive studies demonstrating that AP-1 is critical for either
breast epithelial cell proliferation or transformation have not been performed.

To address these questions, we have used the 184 series of normal human mammary
epithelial cells (HMAECs) isolated and characterized by Dr. Martha Stampfer (19).
These cells were originally isolated from reduction mammoplasties of patients and have
a normal karyotype, EGF receptors, and specific cytokeratins, suggesting that they are
derived from the basal epithelial cells of the normal breast. These HMECs are primary
cells, which will senesce after 15-20 passages. However, by exposing these primary
HMECs to the carcinogen benzo(a)pyrene, Stampfer et al. (19) have established
multiple immortalized lines of HMVIECs (the 184A1 and 184B5 lines). We are studying
these carcinogen-immortalized cells as well as the spontaneously immortalized HIMIEC
line, MCF10A, derived from breast tissue obtained from a patient with multiple
fibrocystic nodules (20). This cell line expresses cytokeratins and epithelial mucins
consistent with a breast epithelial origin, and has cytologic characteristics of breast
luminal ductal cells (21). None of the immortal cells are fully transformed since they ;
are not able to grow in an anchorage-independent fashion, or form tumors in nude mice.
Recent reports have demonstrated that these immortalized human mammary epithelial

cells can be transformed by specific oncogenes such as activated ras (22, 23) or erbB2
genes (24), or by overexpression of c-myc or SV40 T genes (16). In particular,
MCF10A cells can be transformed by an activated ras gene (23), while 184B5 cells can
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be fully transformed by activated ras genes (22), or by overexpression of c-erbB2 (24).
Many of these oncogenes are known to activate AP-1 in fibroblasts, though whether

these oncogenes also activate AP-1 in breast epithelial cells is not yet known. If AP-1
is involved in regulating these processes, it might therefore serve as a target for the
prevention or treatment of breast cancer. To determine the role of AP-1 in controlling
breast cell growth and transformation, we proposed to test the following hypotheses:

1. Human breast epithelial cells at different stages in the carcinogenesis pathway
express different levels of the AP-1 transcription factor.

2. Breast epithelial cells at these different stages have different requirements for
AP-1 for their growth.

3. AP-1 transcription factor activity is necessary for in vitro transformation of
human breast epithelial cells.

In our previous reports we demonstrated that AP-1 transcription factor expression and
transcriptional activity is high in normal mammary epithelial cells and is progressively
reduced as breast cells proceed towards malignancy. These studies were originally
proposed in Specific Aim 1. We also previously reported data demonstrating that the
growth of normal and immortal cells is suppressed by AP-1 blockade. These studies,
proposed in Specific Aim 2 of the original grant proposal, demonstrated that normal,
immortal and some cancer cells depend on AP-1 to transduce mitogenic signals, and
that normal cells are more sensitive to the AP-1 blockade than are breast cancer cells.
Our results also suggest that mitogenesis induced by peptide growth factors, such as
serum, EGF, IGF-1, is critically dependent on AP-1, while growth induced by estrogen
is likely mediated partly through an AP-I-independent signal transduction pathway.
Studies described in last year's annual report demonstrate that the mitogenic pathways
in MCF-7 breast cancer cells activated by heregulin-B, FGF, also depend on AP-1 to
transduce a proliferative signal. These results are under review now at Cancer Research
(manuscript included in appendix). We now report the results from our experiments
performed over the previous and final year of this project. We have demonstrated that
TAM67 inhibits breast cell growth by blocking the cell cycle. TAM67 induces a G1
cell cycle arrest. In addition, in the absence of serum, blockade of AP-1 by TAM67
induces apoptosis. We have also investigated the mechanism of this cell cycle block
and have found that it is due to Rb hypophosphorylation induced by a increase in CDK
inhibitors. To investigate whether AP-1 blockade suppresses the transformation of
breast cells as described in Specific Aim 3, we produced a TAM67 retrovirus and an
adenovirus expressing TAM67. Unfortunately, these reagents never expressed
sufficient TAM67 in the breast cells to successfully complete this aim. Therefore, we
have abandoned these in vitro studies, and we now plan to address this question using
an in vivo model. We plan to prepare transgenic mice that express the TAM67
inhibitor in the mammary gland. In the future we will mate these TAM67 mice with
transgenic mice that develop breast cancer to determine whether AP-1 blockade can
prevent mammary tumor formation in vivo. This proposed series of experiments was
submitted as an Idea Grant Proposal to the DOD this year.
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EXPERIMENTAL METHODS AND PROCEDURES

Primary Cell Cultures and Cell Lines:
Human mammary epithelial cells and cell lines used in these studies (Table 1) include
normal HMECs isolated from epithelial organoids of human breast from Clonetics
(passages 9-10); normal 184 cells (15); 184A1 and 184B5, nontumorigenic immortal
cell lines derived from benzo(a)pyrene-treated 184 cells (19); MCF10A (from Dr. J.
Russo), a nontumorigenic spontaneously immortalized HMEC cell line; MCF10AneoT
(from Dr. J. Russo, Fox Chase Cancer Center, Philadelphia, PA), a transformed cell
line derived from MCF10A transfected by c-Ha-ras; MCF7 WT (wild-type), a human
breast adenocarcinoma cell line; MCF7 Adria, a doxorubicin (Adriamycin)-resistant
subclone of MCF7 WT (from Dr. K. Cowan, National Cancer Institute, Bethesda,
MD). Cells were grown in the following culture media: MEGM (Clonetics, San
Diego, CA) for normal HMECs 184, 184A1, and 184B5 (19,25); DME/F-12 with 5%
horse serum and supplements as described (20, 23) for MCF10A and MCF10AneoT
[with 400 ýtg/ml Geneticin (G418, Life Technologies, Inc., Gaithersburg, MD); and
Improved MEM (high zinc option; Life Technologies, Inc.) supplemented with 10%
FCS and penicillin/streptomycin for MCF7 and MDA MB 435.

Plasmids:
To develop the pLPCX-TAM67 retroviral construct, the TAM67 fragment (0.6 kb)
which is tagged with FLAG was released from pCDNA(-)3.1-FLAG-TAM67 with
HindTIl/XhoI. The fragment was re-ligated to the pLPCX (Clontech) retroviral vector.
To produce the pCA14-TAM67 adenoviral construct, the TAM67 fragment (0.66 kb)
which is tagged with FLAG was released from pCDNA(-)3.1-FLAG-TAM67 with
EcoRIIHindUI. The fragment was then cloned into the pCA14 shuttle vector. This
vector is being used to produce the TAM67 adenovirus.

Transfection of Breast Cells:
184, clone 91, 184B5, MDA MB 231, MCF7, and T47-D breast cells were transfected
using Fugene 6 reagent (Boehringer Mannheim) while MCF10A and MDA MB 435
breast cells were transfected using the LT-1 transfection reagent (PanVera Corp.)
according to manufacturer's recommendations.

Western Blot Analysis:
Equal amounts of total cellular protein extract were electrophoresed on a 12%
acrylamide denaturing gel and transferred by electroblotting onto a nitrocellulose
membrane (Bio-Rad). Primary antibody used was rabbit anti-cJun Ab-1 from
Oncogene Science (Cambridge, MA). Blots were developed using the enhanced
chemiluminescence (ECL) procedure (Amersham).

Luciferase Assay to Measure AP-1 Activity:
AP-1 transcriptional activating activity in cells was measured using the Dual-
LuciferaseTm Reporter Assay (Promega) as previously described (13). The cells were
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co-transfected with the Col-Z-Luc reporter gene containing the luciferase gene linked
to 1100 bp of the human collagenase gene promoter which contains a single AP-1
binding site (TGAG/CTCA) between nucleotides -73 and -60 and pRL-TK. To
determine the AP-1 activity stimulated by growth factors, the cells were treated with
EGF (100 ng/ml), IGF-1 (100 ng/ml), herogulin-031 (10 ng/ml) or b-FGF (10 ng/ml),
respectively for 6 hours before harvest. Transfected cells were lysed 36 hours after
transfection and luciferase activity was measured with equal amounts of cell extract
and normalized with the Renilla activity.

Cell Growth Assays:
Cell proliferation assay of stably transfected Tet-On and Tet-Off cell lines
The CellTiter 9 6 TM AQueous Non-Radioactive Cell Proliferation Assay (MTS assay;
Promega, Madison, WI) was used to measure breast cancer cell growth according to the
protocol provided by the manufacturer. 1000 to 2000 cells were seeded in a 96 well
plate and doxycycline was added (MDA MB435 rtTA-vector or -TAM67 lines) or
removed (MCF7 tTA-vector or -TAM67 lines) was added the next day and replaced
every other day. A solution containing a 20:1 ratio of MTS (3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxy-methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo-lium) and PMS
(phenazine methosulfate) was added to the cells for 2 hours at 370 C and absorption at
495 nm was determined. Each data point was performed in quadruplet, and the results
were reported as mean absorption +/- standard error.

Cell proliferation assay of breast cells treated with specific growth factors:
The MTS assay described above was used to measure breast cancer cell growth after
stimulation with specific growth factors, including heregulin-Bl (0 to 10 ng/ml), b-FGF
(0 to lOng/ml. The cells were seeded in 24 well plates in full medium with doxycline
(MCF7 cells) or without doxycycline (MDAMB435 cells). The cells were allowed to
attach overnight, and then were washed and cultured in serum free medium (and in the
case of estrogen treated cells, estrogen- and phenol red-free medium) for 48 hours. The
media was then changed to doxycline-free media (MCF7 cells) or doxcycline-
containing media (MDAMB435 cells), to induce TAM-67 protein, with different levels
of the specific growth factors. The cells were then cultured at 370 C for 1 to 7 days.
Cells were harvested every other day and the MTS assay was done as described above
to measure proliferation. Each data point was performed in quadruplet, and the results
were reported as mean absorption +/- standard error.

3H-Thymidine Incorporation Assay:
3 x 104 cells were seeded in a 24-well plate and then were starved in medium without
any growth factors to synchronize the cells. The cells were then labeled with 3H-
thymidine (2uCi/ml) for 1 hour followed by incubated with 5% TCA at 40C for 30
minutes. The cells were then lysed by addition of 0.1 N NaOH. 3H-thymidine uptake
was measured by mixing the cell lysates with scintillation fluid and counting the 3H
cpm in a scintillation counter. Each data point was performed in sextuplet, and the
results were reported as cpm +/- standard error. All results were normalized to cell
numbers.
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Flow Cytometry Assay:
MCF-7 Tet-Off TAM67 Clone #62 cells were kept in -Dox and +Dox media to induce
or block the expression of TAM67. 24 hours before harvest, the medium is changed to
serum-free medium to synchronize the cells. 2x 106 cells were harvested at time point
Oh, 6h, 12h, 24h, 48h, and fixed in 95% ethanol for 30 min in room temperature, and
then stored in 40C until ready to stain. For propidium iodide staining, the cells were
pelleted and resuspended in 1 X PBS. 1 ml of 50 ug/ml of PI was used to stain the
cells. Stained cells were analyzed with EPICS XL-MCL flow cytometer (Coulter Co.).
Histograms were then analyzed for cell cycle compartments.

Apoptosis Assay:
MCF-7 Tet-Off TAM67 Clone #62 cells were kept in -Dox and +Dox media to induce
or block the expression of TAM67. For TUNEL assay, the cells were trypinized and
pelleted. These samples were then embedded on agar, cut and mounted on slides and
processed for TUNEL assay as previously described. For cell death ELISA assay, 1
xl04 cells were seeded in 96 well plate overnight. This apoptosis assay measures
cytoplasmic DNA fragments and was performed according to the protocol of Cell
Death ELISA Kit (Roche). Each sample was performed in triplet and the results
expressed at mean +/- standard error from at least two independent experiments.

Retrovirus Preparation and Infection:
Phoenix ampho cells were maintained in Dulbecco's Modified Eagle Medium supplied
with 10 % of fetal bovine serum, 1 % of penicillin/streptomycin and 1 % of L-
glutamine. 2.0 x 106 cells were seeded in a 60-mm dish 18-24 hours prior to
transfection. pLPCX-TAM67 and control plasmids were transfected with Fugene 6
Regent (Roche) according to manufacture's protocol. Chloroquine was used to
increase the yield of retrovirus. 48 hours post-transfection, the retroviral supernatants
were harvested and filtered through a 0.45 um filter, then kept in -70 0 C freezer for
future use. The titers of the retrovirus were determined by infecting N1H3T3 cells and
using limiting dilution according to the protocol from Clontech. For infection with
retrovirus, 5 x10 5 cells were plated into 10 cm dish 12-18 hours prior to infection, the
cells were then treated for 6 hours or overnight with infection cocktail containing equal
amounts of retroviral supernatant and growth medium and 4 ug/ml polybrene. After
infection, the medium was changed to normal growth medium and the cells were
incubated for another 36 to 48 hours. pLEGFP-N1 retroviral supernatant was also
used as control.

Soft Agar Cloning:
Tp prepare plates for soft agar cloning, SeaPlaque Agarose (low gelling) was added to
the stock solution to produce a 3.5 % stock solution made with PBS. Pre-warmed
media was added to get a 0.7 % agarose. For the lower feeder layer, 1.5ml of 0.7 % of
agarose was added to 6-well plate and then allowed to solidify by incubating the plate
at 40C for 20 to 30 min. The cells were trypsinized and a single cell suspension was
made. A 0.35 % solution of agarose was prepared by adding five thousand cells to 4
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ml of agarose. 4ml of cell/agarose were plated into the 6-well plate with solidified
bottom layer. The plate was then placed into 4TC refrigerator for 1 to 2 hours to
solidify the upper layer and then transferred to 37TC incubator. The clones were
allowed to grow for 14 days and then were counted.

RESULTS

AP-1 Expression and Activity in Breast Cells:

In Specific Aim 1 we proposed to determine whether changes in AP-1 expression or
activity occur as breast cells progress through different stages of carcinogenesis. Breast
cells used in this study are listed in Table 1. We have previously shown that normal
human mammary epithelial cells have high basal AP-1 activity, immortal breast cells
have an intermediate level of basal AP-1 activity, and breast cancer cells have low basal
AP-1 activity. We described these results in the 1996-97 annual report and in a 1997
Cancer Research publication (Smith et al. 28).

Table 1: Breast cells used in this study.
Cells Name Source Phenotype
Normal HMECs: HMEC-91 Clonetics Senescent, anchorage-dependent

184 M. Stampfer

Immortal HMECs: 184B5 M. Stampfer Immortal, anchorage dependent
MCF10A A. Russo

Breast Cancer cell lines: MCF7 WT K. Cowan Cancer cells, anchorage-independent
T47-D ATCC and tumorigenic
MDA MB 231 ATCC
MDA MB 435 ATCC

In Specific Aim 2 we proposed to determine whether the growth of breast cells at
different stages of tumorigenesis are differentially affected by inhibiting AP-1 activity.
We have investigated the affect of AP-1 blockade on the growth of normal, immortal,
and fully malignant breast cells. These studies have demonstrated that the growth of
normal and immortal and some malignant cells is suppressed by AP-1 blockade, while
the growth of some other breast cancer cells is not suppressed. These results were
described in the 1998-99 annual reports and presented as abstract at the 2000 AACR
Annual Meeting in San Francisco and in the recently published manuscript in
Oncogene by Ludes-Meyers et al. (Ludes-Meyers et al, 29).

Tet-On And Tet-Off Inducible Breast Cancer Cells Expressing TAM-67:
We previously described the isolation of breast cancer cell lines that express TAM-67
under the control of Tet-inducible or Tet-repressible promoters. For these experiments
described in this report, we used: MCF7-Tet-Off TAM-67 cells: These cells do not
express TAM-67 when the cells are grown in doxycycline (lug/ml), but do express
TAM-67 protein when grown in the absence of doxycycline.
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Effect of Inhibiting AP-1 Transactivating Activity on Proliferation Induced by
Specific Growth Factors:

In our last year's annual report, we described that AP-1 blockade induced by
overexpression of TAM67 inhibited MCF-7 cell growth. TAM67 also inhibited MCF-7
growth induced by EGF, IGF-1, and partially inhibited the growth induced by estrogen.
Over the last year, we have investigated the effect of blocking AP-1 on mitogenesis
induced by other growth factors. In these experiments, we found that TAM67 inhibited
basal AP-1 activity and AP-1 activity stimulated by different growth factors (IGF-1,
EGF, heregulin-P3, and FGF) (Fig 1). MCF7 Tet-Off TAM-67 cells (Clone #62), or
MCF7 Tet-Off vector cells (Vector Clone #1) were treated with different concentrations
of heregulin-j3 (0, 0.1, 1.0, 10.0 ng/ml), or FGF (0, 1.0, 10.0, 100.0 ng/ml) in the
presence and absence of doxycycline. When the TAM-67 MCF7-Tet-Off clone was
grown in the presence of doxycycline (no TAM-67 expressed), these MCF-7 clones
proliferated normally in response to serum stimulation. However, when doxycycline
was withdrawn, TAM-67 was expressed, and growth factor-induced proliferation was
inhibited (Fig 2, 3). These studies are described in the manuscript by Liu et al. included
in the appendix. This manuscript has recently been submitted for publication to Cancer
Research and are now under review.

Mechanism by Which TAM67 Inhibits Breast Cancer Cell Growth:

We have previously demonstrated that AP-1 blockade inhibits normal and malignant
breast cell growth. We predicted that AP-1 blockade causes either cell cycle block or
apoptosis. To determine whether AP-1 blockade suppresses DNA synthesis, we used the
MCF-7-Tet-Off-TAM67 cells under un-inducible and inducible conditions to measure
3H-Thymidine uptake. The results demonstrated that the expression of TAM67 inhibits
the DNA uptake of MCF-7 cells (Fig. 4). Then we performed flow cytometry assay
under same conditions. The flow cytometry assay results showed that when Dox was
induced, there were fewer cells in S phase and more cells in GO/G1 phase compared to
cells were cultured in Dox-containing medium (Fig. 5). The results from 3H-Thymidine
uptake and flow cytometry are consistent, which demonstrate that the AP-1 blockade
induced by the expression of TAM67 causes the G1 cell cycle arrest of MCF-7 breast
cancer cells.

We next investigated whether AP-1 blockade induced apoptosis. Results from Cell
Death ELISA Assay demonstrated that the expression of TAM67 did not induce
apoptosis in MCF-7 cells when the cells were cultured in normal full medium (Fig 6).
TUNEL results also confirmed these results. However, when the cells were cultured in
serum-free medium, TAM67 caused apoptosis (Fig. 6). These studies demonstrated that
AP-1 blockade induced by expression of TAM67 inhibit MCF-7 breast cancer cell
growth mainly by inducing G1 cell cycle arrest. The results of experiments
investigating the mechanism by which TAM67 inhibits breast cell growth are included in
a manuscript in preparation entitled "AP-1 Blockade Inhibits Breast Cancer Growth by
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Inducing a Cell Cycle Block".

Suppression of Oncogene-induced Transformation by AP-1 Blockade:

In Specific Aim 3 we proposed to determine whether inhibition of AP-1 activity
prevents the in vitro transformation of immortalized breast cells. We have previously
successfully transfected oncogenes, such as c-Ha-ras or c-erbB2, into immortal 184B5
and MCF10A cells and transformed these cells into cells that exhibit anchorage-
independent growth. We are now using two different approaches to investigate whether
TAM-67 blocks oncogene-induced transformation:

1). Over the last year we have attempted to reverse the phenotype of already
transformed cells. For these experiments, we constructed pLPCX-TAM67
retroviral vector. We transfected the vector into Pheonix ampco package cells and
harvested viral supernatant. We infected the Ras- and erbB2- transfected 184B5
and MCF10A cells with the virus. We will then measure the effect of AP-1
blockade on the anchorage independent growth of these cells in soft agar.

2). As an alternate strategy, we constructed an adenovirus expressing TAM67. We
used this adenovirus to infect oncogene-transfected immortal breast cells.

We have attempted to suppress breast cell transformation using each of these two viruses
that carry TAM67 (pLPCX-TAM67 and Adeno-TAM67). Unfortunately, we have not
obtained high levels of expression with either of these two viral vectors.

Unfortunately, over the last year, despite aggressive attempts to get high expression of
TAM67 protein in the 184B5 and MCF10A cells, we were unable to obtain viruses that
would produce high TAM67 expression. This may be due to the growth suppressive
effects of TAM67. Any virus that expresses TAM67 to high levels will likely stop the
host cell from growing. Thus, we were unable to suppress oncogene-induced breast cell
transformation using this in vitro approach.

These studies complete the proposed work. To continue to try to determine whether
AP-1 blockade suppresses breast cell transformation, we have recently proposed
experiments to block oncogene-induced transformation of breast cells in vivo. Because
of the problems that we have encountered trying to block oncogene-induced
transformation in vitro, these new studies will be done in vivo using transgenic mice.
Therefore, we have proposed to make a transgenic mouse that expresses the TAM67
gene under a tissue-specific inducible promoter using Tet repsonsive-TAM67 mice
crossed with MMTV-Tet Activator mice. Once prepared these mice will then be mated
to MMTV-erbB2 and MMTV-ras mice to determine whether AP-1 blockade can inhibit
oncogene-induced mammary tumor formation in vivo. These studies were described in
a DOD Idea grant proposal submitted this year.
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DISCUSSION

The data presented here, along with our previous data, demonstrate that AP-1 blockade
induced by TAM-67 inhibits the growth of normal, immortal and some breast cancer
cells (such as MCF7 cells), but that other breast cancer cells (such as MDA MB 435)
are relatively resistant to AP-1 blockade. The present results also show that
mitogenesis induced by individual peptide growth factors, such as IGF-1, EGF,
heregulin-B, and FGF, can be completely blocked by expression of TAM-67, while
mitogenesis induced by estrogen is only partially inhibited by AP-1 blockade. These
data suggest that peptide growth factor-induced mitogenesis is critically dependent on
AP-1 in MCF-7 cells. The data also suggest that estrogen-induced mitogenesis is only
partially dependent on AP-1 and that estrogen-induced signaling likely involved other
AP-1 independent pathways. Our recent data also demonstrate that AP-1 blockade
induced by expression of TAM67 causes growth inhibition by suppressing entry into S-
phase of the cell cycle. In the absence of serum, expression of TAM67 also induces
apoptosis.

Multiple growth factors have been shown to stimulate the proliferation or
differentiation of normal HMECs and breast cancer cells (15, 29,30). EGF stimulates
the growth of normal HMECs (15) as well as breast cancer cells (29,30), and heregulin
has been found to modulate the growth and differentiation of immortal IINMECs (31).
Other hormones that affect the growth of breast cancer cells include estrogen (32,33)
and insulin-like growth factors (IGF-1 and IGF-2) (34), which induce proliferation, and
retinoids, which inhibit proliferation and induce differentiation (35,36). Previous
studies from our own lab have demonstrated AP-1 complexes are activated by
important growth factors for breast cells, such as EGF, and IGFs (28). These previous
results suggested that the AP-1 complexes might be involved in controlling
proliferation of human breast cells. The current data now demonstrated that peptide
growth factors stimulate breast cancer cell proliferation through the AP-1 signaling
pathway. Thus, the AP-1 transcription factor is a critical signaling molecule in normal
breast cells and in some breast cancer cells (i.e. MCF-7), but apparently not in other
breast cancer cells (i.e. MDA MB 435).

C-Jun is a major component of the AP-1 transcriptional complex. AP-1 plays a critical
role in cell's proliferation and transformation. For example, homozygous jun-/- mouse
embryos die after 12-14 days at mid-to-late gestation (37, 38). In addition, cellular
transformation induced by many oncogenes requires c-jun (39). AP-1 functions by
regulating AP-1 dependent downstream genes, or by interacting with transcriptional co-
activators, such as JAB 1 (Jun activation domain binding protein 1), or integrators, such
as CBP or p3 0 0 (40, 41, 42). However, AP-1 activated genes whose products
participate in the progression from G1 to S phase are yet to be identified. Here we
showed data demonstrating that AP-1 blockade induced by expression of TAM67
delays S phase entry and causes G1 cell cycle arrest. We are currently investigating the
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mechanism by which AP-1 blockade delays S phase entry.

Recently, it has been suggested that AP-1 components and their upstream kinases
(mainly JNKs) may also be involved in apoptosis (43-45). Although much attention has
been directed towards the possible role of AP-1 in the induction of apoptosis, it should
be noted that AP-1 may play a totally opposite role, namely providing protective
function in response to some stresses in some cell types (46-48). Thus, inhibition of
AP-1 may induce apoptosis in some conditions. In our studies, AP-1 blockade induced
by expression of TAM67 induces apoptosis in serum free medium, but not in the
presence of serum.

We have previously demonstrated that normal human breast cells have high basal levels
of AP-1 activity and that breast cancer cells express relatively low levels of AP-1
activity. We have also shown that AP-1 complexes are activated by peptide and steroid
growth factors in normal and malignant breast cells. In this report, we now show that
other peptide growth factors, including IGF-1, EGF, heregulin-03, and FGF, stimulate
AP-1 activity in breast cancer cells. This growth factor-induced AP-1 activity can be
suppressed by the expression of TAM67. The mitogenic pathways activated by serum
and these growth factors depend on AP-1 to transduce proliferative signal, and that
estrogen-induced growth is only partially inhibited by AP-1 blockade. AP-1 blockade
induced by the expression of TAM67 inhibits breast cancer cell growth mainly by
delaying S phase entry, and inducing G1 cell cycle arrest. In the future, we will
determine whether AP-1 blockade inhibits breast cell growth in vivo and whether AP-1
blockade prevents oncogene-induced transformation of breast cells. These results
suggest that AP-1 is a promising target of future cancer therapeutic and preventive
agents since blocking this critical transcription factor suppresses proliferation induced
by multiple growth factors.

FUTURE STUDIES

We have now completed the work proposed in this award. As described above, we are
planning to continue studies of the role of AP-1 in transducing proliferative and
transforming signals in breast cells using transgenic mouse models. These transgenic
mouse studies have been submitted to the DOD as an Idea award proposal.

KEY RESEARCH ACCOMPLISHMENTS AND REPORTABLE OUTCOMES

Specific Aim 1: To determine whether changes in AP-1 expression or activity
occur as HMECs progress through different stages of carcinogenesis.
We have completed this specific aim and have completed tasks for months 1-36 listed
in the statement of work.

15
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Accomplishments:
Our results demonstrated that Jun and Fos protein expression and AP-1 activity are
high in normal human mammary epithelial cells, and are reduced as breast cells
progress toward a more malignant phenotype

Reportable Outcomes:
The results of these studies were:

1. described in our first year annual report,
2. presented at the "Era of Hope" meeting in Washington, D.C., November,

1997,
3. published as an abstract in the Era of Hope meeting booklet, 1997
4. published in Cancer Research (Smith et al., 1997) (28).

Specific Aim 2: To determine whether growth of HMECs at the different stages is
differentially affected by inhibiting AP-1 activity.
The tasks for months 1-36 have been completed and summarized in our previous
reports and in this report.

Accomplishments:
1. These studies demonstrate that normal and immortal human mammary

epithelial cells require AP- 1 for their growth.
2. We successfully established MCF7 Tet-Off-TAM67 and MDAMB435

Tet-On-TAM67 cell lines.
3. We discovered that breast cancer cells, which have relatively low basal

AP-1 transcriptional activity, are less sensitive to AP-1 blockade. Of the
breast cancer cells tested, MCF7 cells were the most sensitive to the
growth suppressive effect of the AP-1 inhibitor.

4. We also found that AP-1 blockade completely inhibits proliferation of
breast cancer cells in response to peptide growth factors (IGF-1, EGF,
heregulin-8, and FGF), but only partially inhibits estrogen-induced
proliferation.

5. We determine the mechanisms by which TAM67 inhibits breast cancer
cell growth. TAM67 mainly induces GI cell arrest, and causes apoptosis
in serum-free condition.

Reportable Outcomes:
These results were:

1. presented at the "Era of Hope" meeting in Washington, D.C., in
November 1997 and published as an abstract in the meeting booklet.

2. presented at the San Antonio Breast Cancer Symposium in 1997 and 1998,
and published as an abstract in Breast Cancer Research and Treatment.

3. presented at the 9 1st AACR Annual Meeting, April, 2000, San Francisco as
a poster and published as an abstract in Proceedings of the American
Association for Cancer Research, 41:500,2000.
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4. presented at the "Era of Hope" meeting in Atlanta, June 8-11, 2000 as a
poster and published as an abstract in the meeting booklet

5. described in the manuscript published in Oncogene (Ludes-Meyers et al,
2001, 49).

6. described in the manuscript submitted to Cancer Research (Liu et al.)

Specific Aim 3: To determine whether inhibition of AP-1 activity can prevent the
in vitro transformation of immortalized HMECs.
All tasks have been completed.

Accomplishments:
1. We have developed an in vitro transformation assay and have isolated

oncogene-transformed HMECs and determined their transformed
phenotype.

2. We have established several clones of 184B5 and MCF10A cells that
stably express an activated erbB2 oncogene or an oncogenic ras protein.
All of these clones exhibit the transformed phenotype of anchorage
independent growth.

3. These transformed HMECs and breast cancer cells were used to determine
whether inhibition of AP-1 transcriptional activity reverses the
transformed phenotype of breast cells - we saw no inhibition of
transformation, but did not achieve high expression of the TAM67 using
the retroviruses or adenoviruses.

4. We developed TAM67 retroviral vector---pLPCX-TAM67
5. We developed TAM67 adenoviral vector - Adeno-TAM67

Reportable Outcomes:
1. We have derived oncogene-transformed 184B5 and MCF10A

cell lines.
2. Constructed a pLPCX-TAM67 retrovirus.
3. Constructed a TAM67 adenovirus; however this virus did not

express the TAM67 protein.
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CONCLUSIONS

During the fourth year of the funding period, we investigated the effects of AP-1
blockade induced by TAM67 on breast cell growth induced by growth factors and
determined the mechanisms by which TAM67 inhibits breast cancer cell growth. Our
results demonstrated that expression of TAM67 inhibited basal AP-1 activity and AP-1
activity stimulated by growth factors, including EGF, IGF-1, heregulin-B, FGF. Our
data also demonstrated that AP-1 blockade inhibits MCF-7 cell growth stimulated by
serum, EGF, IGF-1, heregulin-8, FGF. These data suggest that peptide growth factor-
induced mitogenesis is critically dependent on AP-1 in MCF-7 cells. In addition, we
investigated the mechanisms by which AP-1 blockade induced by expression of
TAM67 inhibits breast cell growth. The results demonstrated that TAM67 mainly
induces GI cell cycle arrest, and under serum-free condition, it causes apoptotic cell
death to suppress MCF-7 cell growth. We also have developed TAM67 retrovirus and
now making TAM67 expressing adenovirus which can be used to infected breast cancer
cells and oncogene-transformed HMECs to investigate whether AP-1 blockade
suppresses the transformed phenotype of oncogene-transformed human breast cells.

These studies have demonstrated an involvement of AP-1 transcription complexes in
regulating human breast cancer cell proliferation through different signaling pathways.
The results from these studies will provide the foundation for future efforts to develop
agents that interfere with AP-1 signaling pathways. Such agents may be useful
chemopreventive agents to block breast carcinogenesis.
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ABBREVIATIONS

AP-1 Activating Protein 1
ATCC American Type Culture Collection
ATF Activating Transcription Factor
bp base pairs
CBP Creb Binding Protein
cDNA complementary Deoxyribonucleic Acid
CMV Cytomegalovirus
DMEM Dulbecco's Modified Eagle Medium
ECL Enhanced Chemiluminesence
EGF Epidermal Growth Factor
EGFR Epidermal Growth Factor Receptor
ER Estrogen Receptor
ERE estrogen responsive element
FCS Fetal Calf Serum
FGF fibroblast growth factor
Ha-ras Harvey-ras
HMEC Human Mammary Epithelial Cells
IGF Insulin-like Growth Factor
IGFBP Insulin-like growth factor binding protein
MAPK mitogen activated protein kinase
MEGM Mammary Epithelial Growth Medium
MEM Modified Eagle Medium
MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-methoxyphenyl)-

2-(4-sulfophenyl)-2H-tetrazolium
neo neomycin transferase
nm nanometer
O.D. Optical Density
PMS phenazine methosulfate
rtTA reverse tetracycline-controlled transactivator
SEM Standard Error of the Mean
SV40 Simian Virus 40
tTA tetracycline-controlled transactivator
Tet Tetracycline
TetRE Tetracycline Response Element
TGF Transforming Growth Factor
TKR tyrosine kinase receptor
TPA 12-0-tetradecanoyl-phorbol- 13-acetate
TRE TPA responsive element
TUNEL TdT (terminal deoxynucleotidyl transferase)-mediated dUTP-x nick end

labeling
WT Wild-type
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FIGURE 5

100

S90
80

C7

S 70

S60
50

* 40C)

0 . 3 0 O

(+) Dox ()Dox

MCF-7 Tet-Off TAM67 Clone #62
*30

&. 25

. 20.

S15

0
*10-

co!
0

(+) Dox (Dox

28



c+

a)1

CDEV

oE
C-0

0

+~ a)'

0 (

0 0

> 0

00 I.) (Dj LO IT co C\.I C)

(wuu 9017) eoueqiosqV y

curIaq 'IWN 'UMOlq -H Tam0d 9Z9-T-96-LE[WVQI



DAMD17-96-1-6225 Powel H. Brown, M.D, Ph.D.

Legends

Fig. 1 Blockade of AP-1 activity induced by different growth factor. MCF-7 Tet-Off
TAM67 cells were kept in (+) Dox or (-) medium to block or induce the
expression of TAM67. The cells were then transfected with Col-Z-Luc and pRL-
TK. The cells were treated with EGF (100 ng/ml), IGF-1 (100 ng/ml), b-FGF (10
ng/ml), Heregulin-P31 (10 ng/ml), or vehicle for 6 hours, respectively. The AP-1
activity was measured using Dual-Luciferase Reporter System (Promega).

Fig. 2 Effect of AP-1 blockade on the heregulin-03 induced proliferation of MCF-7 cells.
MCF-7 Tet-Off TAM67 clone #62 cells and Vector clone #1 cells were grown in
serum-free medium containing 0, 0.1, 1, or 10 ng/ml of heregulin-3 1 under un-
induced (+Dox) or induced (-Dox) conditions. Cells were harvested every other
day and the MTS assay was done according to the protocol provided by
manufacturer (Promega). Each data point was performed in quadruplet, and the
results were reported as mean absorption +/- standard error.

Fig. 3 Effect of AP- 1 blockade on the FGF induced proliferation of MCF-7 cells. MCF-
7 Tet-Off TAM67 clone #62 cells and Vector clone #1 cells were grown in serum-
free medium containing 0, 0.1, 1, or 10 ng/ml of b-FGF under un-induced (+Dox)
or induced (-Dox) conditions. Cells were harvested every other day and the MTS
assay was done according to the protocol provided by manufacturer (Promega).
Each data point was performed in quadruplet, and the results were reported as
mean absorption +/- standard error.

Fig. 4 Expression of TAM67 inhibits DNA uptake: 3H-thymidine incorporation assay.
MCF-7 Tet-Off TAM67 clone #62 cells and Vector clone #1were grown in (+)
Dox or (-) Dox medium to block or induce the expression of TAM67. After
synchronization in growth factor-free medium for 24 hours, the cells were labeled
with 3H-thumidine (2 ýtCi/ml) for 1 hour. The cells were lysed, and the 3H-

thymidine uptake was measured in a scintillation counter. Each data point was
performed in sextuplet, and the results were reported as cpm +/- standard error.

Fig. 5 Expression of TAM67 blocks normal cell cycle: flow cytometry assay. MCF-7
Tet-Off TAM67 cells were grown in (+) Dox or (-) Dox medium to block or
induce the expression of TAM67. 24 hours before harvest, the medium is
changed to serum-free medium to synchronize the cells. The cells were harvested
at time point 0 h, 6 h, 12 h, 24h, 48 h, and were stained with propidium iodide.
Stained cells were analyzed with EPICS XL-MCL flow cytometer (Coulter Co.).
Histograms were then analyzed for cell cycle compartments.

Fig. 6 Expression of TAM67 induces apoptosis in serum-free condition. MCF-7 Tet-Off
TAM67 clone #62 cells and Vector clone #1were grown in (+) Dox or (-) Dox
medium to block or induce the expression of TAM67. The experiment was
carried out in complete medium and serum free medium. This apoptosis assay
measures cytoplasmic DNA fragments and was performed according to Cell
Death ELISA Kit (Roche). Each sample was performed in triplets and the results
was expressed at mean +/- standard error.
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significantly different between control fen can affect the intracellular redox sta-

Oxidative Stress and AP-1 and tamoxifen-resistant tumors. We tus as either a pro-oxidant or an antioxi-
observed no differences in AP-1 protein dant. For example, tamoxifen has the abil-

Activity in Tamoxifen- components or DNA-binding activity. ity to protect lipids, proteins, and DNA

Resistant Breast Tumors However, AP-1-dependent transcrip- against oxidative damage (13) and can it-

In Vivo tion (P = .04) and phosphorylated c-Jun self be activated into reactive electro-
and JNK levels (P<.001) were statisti- philic metabolites (14). Moreover, evi-

Rachel Schiff, Praveen Reddy, cally significantly increased in the dence suggests that tamoxifen can induce
tamoxifen-resistant tumors. Conclu- phase I and phase II metabolizing en-

M nar Aotuao, Este Grim, sion: Our results suggest that the con- zymes (15), which may contribute to its

Coronado-Heinsohn, Matt Grim, version of breast tumors to a tamoxi- beneficial antioxidant activity but may
Susan G. Hilsenbeck, Richard fen-resistant phenotype is associated also be responsible for its own activation.
Lawrence, Susan Deneke, Rafael with oxidative stress and the subse- It is also known that changes in the intra-
Herrera, Gary C. Chamness, quent antioxidant response and with cellular redox status can lead to the acti-

Suzanne A. W. Fuqua, Powel H. increased phosphorylated JNK and vation of important transcription factors,

Brown, C. Kent Osborne c-Jun levels and AP-1 activity, which including activating protein-1 (AP-1)
together could contribute to tumor (17,18).
growth. [J Nat Cancer Inst 2000;92: AP-1 is a heterodimeric transcription

Background: Most breast cancers, even 1926-34] factor that is composed of various mem-
those that are initially responsive to bers of the Jun and Fos families (19) and
tamoxifen, ultimately become resistant. Tamoxifen is the most prescribed drug binds to DNA at specific AP-I binding
The molecular basis for this resistance, for the prevention and treatment of breast sites. AP- 1 activity is determined in part
which in some patients is thought to in- cancer (1,2). However, in breast cancer by phosphorylation of these complex
volve stimulation of tumor growth by patients, the disease eventually progresses components. Importantly, the transcrip-
tamoxifen, is unclear. Tamoxifen in- with the emergence of tamoxifen-resistant tional activity of c-Jun is increased by
duces cellular oxidative stress, and be- tumor cells. Tamoxifen is thought to act phosphorylation by the Jun NH2-terminal
cause changes in cell redox state can primarily by competitive blockade of the kinases (JNKs)/stress-activated protein
activate signaling pathways leading to estrogen receptor (ER) (3,4). Experimen- kinases (SAPKs), which are preferentially
the activation of activating protein-1 tal and clinical evidence suggests that an activated by a variety of environmental
(AP-1), we investigated whether tam- important form of tamoxifen resistance is and cellular stresses (20), including oxi-
oxffen-resistant growth in vivo is asso- the acquired ability of the tumor cells to dative stress (21). AP-1 activity can also
ciated with oxidative stress and/or ac- be stimulated, rather than inhibited, by the be coregulated by protein-protein interac-
tivation of AP-1 in a xenograft model drug after prolonged treatment (5-9). tions between AP-I and the ER (22). Fur-
system where resistance is caused by We have developed an in vivo experi- thermore, tamoxifen can function as an
tamoxifen-stimulated growth. Methods: mental model for tamoxifen resistance us- agonist in coactivating ER/AP-1 on pro-
Control estrogen-treated, tamoxifen- ing ER-positive MCF-7 human breast moters regulated by AP-1 sites (22-26).
sensitive, and tamoxifen-resistant cancer cells grown in athymic nude mice The observation that AP-I is important
MCF-7 xenograft tumors were assessed (5). Tamoxifen treatment suppresses tu- in several mitogenic signaling pathways
for oxidative stress by measuring levels mor growth for several months, but (27,28) led us to hypothesize that an in-
of antioxidant enzyme (e.g., superoxide growth eventually resumes as the tumors crease in cellular AP-1 activity, perhaps
dismutase [SOD], glutathione S-trans- become stimulated by tamoxifen (5). The resulting from tamoxifen-induced oxida-
ferase [GST], and hexose monophos- mechanisms underlying the conversion tive stress and the changes in intracellular
phate shunt [HMS]) activity, glutathi- from growth suppression to growth stimu- redox status, may contribute to the devel-
one, and lipid peroxidation. AP-1 pro- lation are still unclear. However, several
tein levels, phosphorylated c-jun levels, studies using the MCF-7 in vivo model
and phosphorylated Jun NH 2-terminal have already discarded a number of po- Affiliations of'authors: R. Schiff, P. Reddy, S. G.

kinase (JNK) levels were examined by tential mechanisms for growth stimula- Hilsenbeck, R. Herrera, G. C. Charmess, S. A. W.

western blot analyses, and AP-1 DNA- tion by tamoxifen, including altered Fuqua, P. H. Brown, C. K. Osborne, The Breast
Center and the Departments of Molecular and Cel-

binding and transcriptional activities tamoxifen uptake or metabolism (6,10) lular Biology and Medicine at Baylor College of

were assessed by electrophoretic mobil- and lost or altered ER (11). Medicine, Houston, TX; M. Ahotupa, MCA Re-

ity shift assays and a reporter gene sys- Another possible mechanism for search Laboratory, Department of Physiology, Uni-

tem. All statistical tests are two-sided. growth stimulation by tamoxifen is an al- versity of Turku, Finland; E. Coronado-Heinsohn,

Results: Compared with control estro- tered intracellular redox status leading to M. Gris, S. Deneke (Department of Medicine), R.

gen-treated tumors, tamoxifen resistant activation of downstream signaling path- Lawrence (Institute for Drug Development), The

tumors had statistically significantly in- ways. Cellular redox status is a balance University of Texas Health Science Center, San An-
tonio.

creased SOD (more than threefold; P = between the rate of pro-oxidant genera- Correspondence to: C. Kent Osborne, M.D., The

.004) and GST (twofold; P = .004) ac- lion, either exogenous or endogenous, and Breast Center at Baylor College of Medicine, 1 Bay-

tivity and statistically significantly re- the cellular enzymatic and nonenzymatic lor Plaza, MS: 600, Houston, TX 77030 (e-mail:

duced glutathione levels (greater than antioxidant capacities. A number of stud- kosborne@bcm.tmc.edu).

twofold; P<.001) and HMS activity (10- ies (12-16) have shown that, depending See "Notes" following References."

fold; P<.001). Lipid peroxides were not on the cellular microenvironment, tamoxi- © Oxford University Press
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opment of tamoxifen-resistant tumor progression is evident as an increase in tumor vol- thione (GSSG) levels (QImol/g wet wt) were deter-

growth. In this study, we looked for evi- ume. Tumors that first undergo growth inhibition mined from the control estrogen-, tamoxifen-, estro-

dence of oxidative stress and changes in and then resume growth after prolonged antiestrogen gen-withdrawal-, and ICI 182,780-treated tumors
treatment are defined as tamoxifen resistant (tamoxi- (four tumors per group). The glutathione content of
fen') or ICI 182,780 resistant (ICIR). We have tumor cytosol supernatants was estimated by high-

mouse model of tamoxifen resistance, shown previously that tamoxifen resistance in this performance liquid chromatography (36). Protein

model is due to tamoxifen-stimulated tumor growth content was measured by the Bradford method (Bio-

MVIATERIALS AND METHODS (5,7). Rad Laboratories, Richmond, CA).
In the estrogen-withdrawal group of mice, tumors

Breast Cancer Cells were removed after 2 weeks (estrogen withdrawals) Protein Extraction and Western Blot
or several months later after tumor growth resumed Analysis of Phosphorylated c-Jun and
(estrogen withdrawalR). Each tumor analyzed was

ER-positive MCF-7 human breast cancer cells from a different mouse; tumor tissues were removed JNKs/SAPKs Forms
(originally obtained from Dr. H. Degani at the Weiz- from each mouse and kept at -190 'C for later
mann Institute of Science, Rehovoth, Israel) were analyses. Phosphorylated forms of c-Jun and JNKs/SAPKs
used for all experiments, unless otherwise stated. were analyzed with the use of PhosphoPlus antibody
Tissue culture methods have been described previ- Antioxidant Enzyme Assays kits (Cell Signaling, Inc., Beverly, MA) according to
ously (29). Exponentially growing cultures were the manufacturer's directions. Briefly, pellets of in
treated with 12-O-tetradecanoylphorbol 13-acetate Antioxidant enzyme activities were assessed in vitro cultured cells or ground, frozen tumor powders
(TPA) (50 ng/mL) in the presence of serum- the control (estrogen-treated), tamoxifens, and from the control estrogen-treated, tamoxifens, and
containing medium for the indicated times. A doxo- tamoxifenR groups (five tumors per group). Homog- tamoxifenR groups (at least eight tumors per group)
rubicin-resistant subclone of MCF-7, MCF-7 Adria enates of frozen tumors (20 [wt/vol]) were prepared were manually homogenized in lysis buffer (Cell
(obtained from Dr. K. Cowan, National Cancer In- in a 0.25 M sucrose solution (0 °C) with a Potter- Signaling, Inc.). After microcentrifugation at 14 OOOg
stitute, Bethesda, MD), known to express high levels Elvebjem glass-Teflon homogenizer driven by an for 30 minutes at 4 °C, supernatants were collected,
of ctJun, was used as an internal standard in the electric drill at 500 rpm with pulse homogenization and the protein concentration was determined. Ali-
electrophoretic mobility shift assay. ER-negative six times at 20-second intervals. Homogenates were quots (25 J.Lg) of protein from each sample were
human MDA-MB-435 breast cancer ceals were cut- centrifuged for 10 minutes at 100OOg at 4 1C to separated under denaturing conditions by electro-
tured as described previously (30)and were used to remove nuclei, mitochondria, and lysosomes, and phoresis with 10% polyacrylamide gel containing
obtain ER-negative xenograft tumors, the supernatants were collected. The activities of sodium dodecyl sulfate and transferred by electrob-

superoxide dismutase (SOD) (Cu/Zn form) and cata- lotting onto nitrocellulose membranes (Schleicher &

Athymic Nude Mouse Model of lase were measured in the tumor homogenates, and Schuell, Inc., Keene, NH). The blots were stained

Tamoxifen-Stimulated Growth the activities of glutathione S-transferase (GST) and with StainAll Dye (Alpha Diagnostic International,

the hexose monophosphate shunt (HMS) were men- Inc., San Antonio, TX) to confirm uniform protein

sured in the 10 OOOg supernatants. Enzyme activities transfer. Separate membranes were then reacted withAnimal care was in accordance with institutional wrasyewihotmlncbintmsadpo- either c-Jun- or JNK/SAPK-speeific PhosphoPlus
guidelines. Four- to 6-week-old female ovariecto- were assayed with optimal incubation times and pro- ete -u-o N/AKseii hsh~u
muizelined B FLBrc athm nu ldfe mic e (H arlan ragn- tein concentrations to ensure the linearity of the re- antibodies that specifically recognize the phosphor-
mized BALB/c athydsic nud, W ie ie(Harlan Sprague- action velocity. SOD activity (Qig/mg protein) was ylated forms. The membranes were stripped and re-
Dawley Inc., Madison, WI) were given a subcuta- measured by luminometric detection of the superox- blotted for total c-Jun and JNK/SAPK with antibod-
MCF-7 cells or their transfectant derivatives (see ide anion produced in the xanthine-xanthine oxidase ies that recognize the respective proteins

system (31). Catalase activity (pýg/mg protein) was independently of their phosphorylation status. Blots
below) and hormonally treated as described previ- determined spectrophotometrically by measuring the were developed by chemiluminescence (Cell Signal-
ously (5,7). Estradiole pellets (0.25 mg; Innovative itof disappearance of HO, (32). GST activity ng, Inc.). Each sample was analyzed twice on sepa-
Research, Rockville, MD) were placed subcutane- (nmol • min-' mg-1 protein) was measured spectro- rate immunoblots. Bands were quantified by densi-
ously in the interscapular region of the mice photometrically with 1-chloro-2,4-dinitrobenzene as tometric scanning of developed films with the use of
stimulate tumor growth. When tumors reached a di- the substrate (33). HlvIS activity (nmol- min-' . the Image 1.61/ppc software program of the Na-
ameter of 8-12 mm (2-4 weeks), each mouse was tional Institutes of Health, Bethesda, MD.
randomly allocated to one of the following four myg-h protein) was assessed spectrophotometricallygroups: 1) control estrogen-treated. 2) removal of by the production of reduced nicotinamide adenine
thegestrogenspelltc(ite., estrogen-athd,)ra val on) dinucleotide phosphate (NADPH) with the use of Electrophoretic Mobility Shift Assaythe estrogen pellet (i.e., estrogen withdrawal only), g u o e6 p op aea h u srt 3 ) M c
3) estrogen withdrawal and treatment with 500 Lg tivity represents the sum of glucose 6-phosphate de-
of tamoxifen citrate (AstraZeneca, Macclesfield, Nuclear extracts from cells or individual tumors
U.K.) in peanut oil (subcutaneously injected daily hydrogenase and 6-phosphogluconate dehydroge- (five tumors per group) were prepared as described
Monday through Friday), or 4) estrogen withdrawal nase activities, previously (28) with minor changes. Briefly, cells or
and treatment with 5 mg of ICI 182,780 (AstraZen- ground-up, frozen tumor powders were disrupted in
eca) in castor oil (subcutaneously injected weekly). Lipid Peroxidation and lysis buffer (i.e., 10 mM HEPES, 1 mM EDTA, 60
Tumor growth was assessed and tumor volumes Glutathione Levels mM KCI, 0.5 mM dithiothreitol [DTT], 0.5% Noni-
were measured as described previously (29). det P-40 [NP-40], and protease inhibitors [1 mM

Tumors were removed during estrogen treatment Lipid peroxidation was assessed in tumors from phenylmethyt sulfonyl fluoride, 0.4 .M" aprotinin,
(control estrogen-treated tumors) and at various the control estrogen-treated, tamoxifens, and and 10 p.M leupeptin]), and nuclei were isolated by
times after the treatment with the antiestrogen drugs tamoxifenR groups (five tumors per group) by the microcentrifugation at 2500g at 4 'C for 10 minutes.
tamoxifen and ICI 182,780. Antiestrogen-sensitive quantitation of the appearance of conjugated diene The isolated nuclei were lysed by three cycles of
tumors are defined as those harvested during the first double bonds in lipid extracts (35). Briefly, lipids freezing/thawing in nuclear suspension buffer (250
3 months of treatment when tumor growth is inhib- were extracted from 10 000g supematants with chin- mM Tris [pH 7.8], 400 mM KCI, 0.5 mM DTT, 20%
ited by tamoxifen. Thus, these tumors are defined as roform-methanol, dried under a nitrogen atmo- glycerol, and protease inhibitors) and microcentri-
tamoxifen sensitive (tamoxifens) and ICI 182,780 sphere, redissolved in cyclohexane, and analyzed fuged at 16000g at 4 °C for 10 minutes, and the
sensitive (cISC), respectively. Tumors were usually spectrophotometrically at 233 nm to quantify diene supernatants (nuclear protein extracts) were col-
harvested 2 weeks after the initiation of treatment conjugation as detected by peak absorption. Lipid lected. Protein concentrations were determined with
unless otherwise stated. For the DNA-binding stud- peroxidation is expressed as zAbs/mg protein, the use of the Bradford method. Electrophoretic mo-
ies, tumors were also harvested at 1, 2, and 3 months where AAbs is the difference in absorbance between bility shift assays were performed with 10 pLg of
after tamoxifen treatment began. After 3-5 months the sample and the cyclohexane solvent, nuclear protein extract in a 20-FL reaction mixture
of continuous treatment, growth resumes and tumor Reduced glutathione (GSH) and oxidized gluta- containing 20 mM HEPES (pH 7.9), 40 mM KC1, 1
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mM EGTA (i.e., ethylene glycol-bis(P3-aminoethyl San Diego, CA). We calculated the relative CAT .004). Catalase activity was not statisti-
ether)-N,N'-tetraacetic acid], 1 mM phenylmethyl activity by dividing the CAT activity of the tamoxi- cally significantly different among the tu-
sulfonyl fluoride, 0.5 mM DTT, 1% glycerol, 2 jig fen-treated tumors by the CAT activity of the control mor groups. GST activity was statistically
of poly (dI-dC), and 100 pg of [,- 32P]adenosine tri- estrogen-treated tumors of the clone. All CAT as-
phosphate end-labeled, double-stranded oligo- says were repeated two times with each sample. significantly increased in the tamoxifenR
nucleotide probe containing an AP-1 binding site (5' tumors (twofold; P = .004) relative to the
CTAGTGATGAGTCAGCCGGATC 3'; Strata- Statistical Methods control estrogen-treated or the tamoxifens
gene, La Jolla, CA; the AP-l binding site is under- tumors. TamoxifenR tumors also had in-
lined). Reaction mixtures were incubated for Differences in the mean values of tumor antioxi- creased protein levels of GST-Pi, a mem-
30 minutes at room temperature. For oligonucleotide dant enzyme activities (SOD, FIMS, and GST), glu- ber of the GST enzyme complex, as mea-
competition experiments, the reaction mixtures were tathione levels, DNA-binding activities, and AP-l-
preincubated with a 100-fold excess of unlabeled, dependent CAT activities among the treatment
cold oligonucleotide probes containing an AP-1 or groups were analyzed by Student's t test as pairwise shown).
Sp-1 binding site (Stratagene) for 20 minutes before comparisons with respect to the control estrogen- The most striking effect of tamoxifen

the addition of the radioactive probes. The reaction treated group or to the tarnoxifens group, as speci- was a profound inhibition of the produc-
mixtures were separated on 5% nondenaturing poly- fled. Bonferroni's correction was used to adjust for tion of NADPH by the HMS (Table 1). In
acrylamide gels at 4 °C. After electrophoresis and multiple comparisons. The mean values of western tamoxifens tumors, the HMS activity was
drying, gels were autoradiographed, and shifted blot band densities of phosphorylated c-Jun and statistically significantly reduced to less
bands were quantified on a Phosphotmager (Mo- JNKs/SAPKs were compared by two-way analysis
lecular Dynamics, Sunnyvale, CA). The AP-1 DNA- of variance. For purposes of statistical analyses, data than half the activity detected in the con-

binding activity of individual tumors was normal- were transformed by taking logarithms to equalize trol estrogen-treated tumors (P<.001). In
ized between gels with the use of an internal variances. All P values are two-sided. tamoxifenR tumors, the HMS activity was
standard extract of MCF-7 Adria cells. Electropho- further statistically significantly reduced
retic mobility shift assays of the same extracts were RESULTS by another fourfold to 10-fold in total
repeated a minimum of two times. (P<.001). Thus, tamoxifen treatment and
AP-IICAT Antioxidant Enzyme Activity the development of tamoxifenR by

AP1C TReporter Constructs, MCF-7 breast tumors in vivo are associ-

Stable Transfection, and We have developed and studied an ated with changes in antioxidant activi-

Chloramphenicol Acetyltransferase experimental in vivo model that mimics ted withesting ihat ioxidanr activi-

Assay the clinical scenario of acquired resis- ties, suggesting that the tumors are expe-

tance of breast cancer to tamoxifen or rencing oxidative stress.

To study AP-l-dependent gene transcription, we other endocrine therapies, such as estro- Oxidative Stress
used a chloramphenicol acetyltransferase (CAT) re- gen-withdrawal or ICI 182,780 treatment
porter system as described previously (37,38). The (7). In the nude mouse model, ER- Lipid peroxidation is a process gener-
reporter construct, Con-TREx5/TKCAT (TREx5), positive MCF-7 xenograft tumors are es- ated by the effect of reactive oxygen spe-containsing tablished in the presence of estrogen (con- cies and occurs when the antioxidant
site (5' ATGAGTCAG 3') upstream of the herpes
simplex virus-thymidine kinase (HSV-tk) minimal trol estrogen-treated tumors), and the defense mechanisms are being over-
promoter. The same site is also a synthetic consen- estrogen is withdrawn before the start of whelmed (40). Glutathione, via its redox
sus TPA responsive element (TRE). We also used a any antiestrogen treatment. Tumor growth cycling, is a potent antioxidant that pro-
control construct, TREA-72/TKCAT (TREA-72), is initially inhibited, but it eventually re- vides cells with a substantial degree of
upstream to position -109 of the HSV-tk promoter, sumes after continued treatment. Tumors protection against oxidative stress (41).
that contains a point mutation in the AP-I site (5' inhibited by tamoxifen are defined as Because decreased HMS activity and
TGGAGTCAG 3') that eliminates both basal and
inducible AP-1 activities (37,38). tamoxifen-sensitive (tamoxifens) tumors, NADPH levels would be expected to

To generate stable transfection clones, we plated and tumors that resumed growth are de- greatly reduce glutathione levels, we next
MCF-7 cells at a density of 8 x I0W/100 mm 2 . After fined as tamoxifen-resistant (tamoxifenR) measured lipid peroxidation and glutathi-
24 hours, the cells were cotransfected with 10 ýLg of tumors. We have shown previously that one levels (Table 1). Lipid peroxidation
the TREx5 or TREA-72 AP-l/CAT reporter con- tamoxifen stimulates tamoxifenR tumor was statistically significantly higher in the
structs and with 1 Ig of the pSV2neo selection plas- growth (5,7). In parallel, tumors inhibited tamoxifens tumors (P = .016) but then
mid (Clontech Laboratories, Inc., Palo Alto, CA)
containing the neomycin resistance gene with the by estrogen withdrawal or ICI 182,780 returned to baseline levels after resistance
use of the LipofectAMINE reagent (Life Technolo- are defined as estrogen-withdrawals or emerged (Table 1). In contrast, levels of
gies, Inc. [GIBCO BRL], Rockville, MD), according ICIs tumors, respectively, and tumors that both GSH and GSSG were markedly re-
to the manufacturers directions. G418-resistant (600 resumed growth are defined as estro- duced in the tamoxifenR tumors as com-
ýig/mL) individual clones were screened for TPA- gen-withdrawalR or ICIR tumors, respec- pared with the control estrogen-treated tu-
inducible AP-l transcriptional activity (50 ng/mL tively. mors (greater than twofold; P<.001 and P
TPA for 8 hours), and CAT assays were performed To investigate the relationship between = .02, respectively). GSH levels were de-
as described below.

TPA-inducible TREx5 clones and noninducible tamoxifen resistance and altered cellular creased only slightly in tamoxifen tu-

TREA-72 clones were grown in nude mice and redox status, we first measured the activ- mors compared with those in control es-
treated with tamoxifen as described above. Tumors ity levels of different antioxidant enzymes trogen-treated tumors, and GSSG levels
were harvested from the control estrogen-treated, in control estrogen-treated, tamoxifens, were reduced by 1.7-fold in tamoxifens
tamoxifens, and tamoxifenR groups (four to eight and tamoxifenR tumors grown in nude tumors compared with those in control es-
mice per group). Tumor samples were homogenized, mice (Table 1). SOD activity was notably trogen-treated tumors. Importantly, there
and extracts were made as described previously (39).
Protein concentrations were determined, and the sed by tamoxifen, with a greater were marked and statistically significant
same amount of protein from each clone was ana- than fourfold increase in tamoxifens tu- differences in the GSH levels between the
lyzed for CAT activity by thin-layer chromatogra- mors (P<.001) and a greater than three- tamoxifens and tamoxifenR tumors
phy and quantitated on a Phospholmager (Ambis, fold increase in tamoxifenR tumors (P = (P<.001). These results suggest that the
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Table 1. Antioxidant enzyme activity, lipid peroxidation, and glutathione levels in hormonally treated MCF-7 tumors*

Mean (95% confidence interval)

Tumor SODt Catalase,t GST,t nmol/min -MS,t nmol/min LPO't GSH,: GSSG,t
group ptg/mg protein pig/mg protein per mg protein per mg protein AAbs/mg protein pmol/g protein itmol/g protein

E, 1.25 1.74 0.93 12.10 717 2.725 0.434
(0.29-2.21) (1.33-2.15) (0.60-1.26) (10.34-13.86) (488-946) (2.692-2.758) (0.279-0.589)

Tans 5.01 2.38 0.97 5.42 2217 2.391 0.248
(3.76-6.26) (1.69-3.07) (0.77-1.17) (4.66-6.18) (1243-3191) (2.322-2.460) (0.179-0.317)

TamR 4.34 2.61 1.83 1.30 874 1.297 0.156
(3.54-5.15) (1.77-3.45) (1.50-2.16) (1.03-1.57) (504-1244) (1.281-1.313) (0.103-0.209)

ND ND ND ND ND 2.162 0.563
(2.101-2.223) (0.357-0.769)

ICIs ND ND ND ND ND 2.002 0.301
(1.975-2.029) (0.242-0.360)

ICIR ND ND ND ND ND 2.139 0.250
(2.053-2.225) (0.179-0.321)

*SOD = superoxide dismutase (Cu/Zn form); GST = glutathione S-transferase; HMS = hexose monophosphate shunt; LPO = lipid peroxidation; GSH =

reduced glutathione; GSSG = oxidized glutathione; ND = not done; E, = control estrogen tumors; Tams = tamoxifen-sensitive tumors; Tamr = tamoxifen-
resistant tumors; _F-ER = estrogen-withdrawal resistant tumors; ICIs = ICI 182,780-sensitive tumors; ICIR ICI 182,780-resistant tumors.

tTumors from five mice per treatment group. AAbs = difference in absorbance between the sample and the cyclohexane solvent.
*Tumors from four mice per treatment group.

development of tarnoxifen resistance in factor, which increases cell proliferation plexes among any of the control or
MCF-7 breast tumors in vivo is associated (27,28), we explored the effect of tamoxi- tamoxifen-treated groups (data not
with increased susceptibility to oxidative fen on AP-1 composition and activity in shown).
stress and depletion of glutathione levels MCF-7 tumors in vivo. AP- 1 is a heterodi- Although tamoxifen treatment did not
as the tumors attempt to respond to the meric transcription factor complex that is appear to change AP-1 DNA-binding ac-
oxidative stress. composed of proteins from the Jun and tivity, we detected a fourfold decrease

To confn-m that the marked decrease in Fos families. Comparison of control es- in AP-1 DNA-binding activity in estro-
total glutathione levels in resistant tumors trogen-treated, tamoxifens, and tamoxif- gen-withdrawals tumors (P<.001) and
was specific for tamoxifen, we measured enR tumors revealed that there were no in estrogen-withdrawalR tumors (P<.
glutathione levels in tumors from mice apparent changes in messenger RNA or 001) (Fig. 1, B). We observed a 3.5-
treated either with estrogen withdrawal or protein levels of the Jun and Fos family fold decrease in AP-1 DNA-binding
with the estrogen antagonist ICI 182,780. members c-Jun, JunD, JunB, Fra-1, and activity in ICIR tumors (P<.001). One
Although, compared with the levels in c-Fos (data not shown). aberrant tumor in the ICIS treatment
control estrogen-treated tumors, glutathi- Using electrophoretic mobility shift as- group did not show a decrease in AP-1
one levels decreased slightly in tumors says, we next compared AP-1 DNA- DNA-binding activity. Thus, although
that had acquired resistance to estrogen binding activity in nuclear extracts from tamoxifen, estrogen withdrawal, and
withdrawal and in ICls or ICIR tumors, control estrogen-treated, tamoxifens, and ICI 182,780 all inhibited tumor growth
glutathione levels in the tamoxifenR tu- tamoxifenR tumors (Fig. 1, A). Tamoxif- in vivo, only tamoxifen maintained
mors were still substantially lower than ens nuclear extracts were made from es- AP- 1 DNA-binding activity at initial yev-
those in all other tumors. tablished tumors 2 weeks, 1 month, 2 els.

To leamn whether tamoxifen-induced months, and 3 months after tamoxifen
oxidative stress is mediated though the treatment began. Although there was a Association of Increased AP-1
ER, we measured total glutathione levels modest reduction in AP-M DNA-binding Transcriptional Transactivating
in xenograft tumors of ER-negative activity during the first 2 months of Activity With Development of
Tamoxifen does not inhibit in vivo growth tamoxifen treatment, there were no statis- TamoxifenR Growth
of this cell line, and long-term evi ero - tically significant differences in AP-1
menthis arel lnotpossile, b -ther experi- DNA-binding activity between control es- AP- 1 DNA-binding activity does not
ments are not possible because the tumors trogen-treated tumors and tamoxifen- necessarily reflect the transcriptional ac-
for 29 dlays resulted in no reduction in treated tumors at any time (Fig. 1, A). tivity of this transcription factor complex
glutathione levels in these tumors (data DNA-binding assays performed with (42). To determine whether AP-1 DNA-
not shown), suggesting that the effect AP-1 oligonucleotides containing one or binding activity is a direct reflection of its
of tamoxifen might be mediated through five copies of the AP-1 site produced ability to promote transcription in this
the ER. comparable results (data not shown). Us- system, we developed stable transfectants

ing specific antibodies to various AP-1 of MCF-7 cells expressing CAT reporter
Tamoxifen Resistance and AP-1 family members (c-Jun, JunD, Fra-1, and gene constructs containing either five
DNA-Binding Activity c-Fos), we determined the composition of copies of a synthetic AP-1 DNA-binding

the AP-1 DNA-binding complexes. We site (TREx5) or a control mutated AP- 1
Because oxidative stress has been found no appreciable differences in the DNA-binding site lacking basal and in-

shown to activate the AP-1 transcription composition of the DNA-binding com- ducible AP-M activities (TREA-72) up-
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Hyperphosphorylation of c-Jun in
A .B TamoxifenR Tumors

.c> TuMORS TUMORS AP-1 transcriptional activity is in-
creased by phosphorylation at two spe-

E, 2 TIS ICIR cific serine residues in the c-Jun compo-< E, T=a (_,Nv) TamR • E -E s -E tIICt

- -- ------ , r- ,. nent of AP-1 (42). These residues, Ser 63
and Ser 73, are phosphorylated by the

AP-1 A , NKs (43,44). Furthermore, JNK activity
can be increased by various stresses (20),
including oxidative stress (21) and/or glu-
tathione depletion (45), conditions ob-
served in our model with tamoxifen treat-
ment, especially during tamoxifenR' growth.

Because we observed an induction of
15 oxidative stress in the tumors during the

J emergence of tamoxifen resistance, we
~, I ]determined the phosphorylation status of

.~ c-Jun from control estrogen- treated,T T tamnoxifens, and tamnoxifenR tumors (Fig.
T 3, A). No statistically significant changes

were detected between the control estro-
Z gen-treated tumors and tamnoxifens tu-

mors. However, the tamoxifenR umr

(of both untransfected MCF-7 tumors and

cally significantly higher levels of phos-
phorlatd cJun greterthan twofold;

Tam-s P<.001), even after correcting for minor
_________________________________________________________ changes in total c-Jun levels.

Fig. 1. Activating protein-I (AP-1) DNA-binding activity of control estrogen-, tamoxifen-, estrogen- Because the JNKs are the major ki-
withdrawal-, and ICI 182.780-treated MCF-7 breast cancer xenograft tumors. Nuclear extracts from tumor nases known to phosphorylate c-Jun at
groups (five mice per group) were analyzed by electrophoretic mobility shift assay with the use of an AP-1 Ser 63 and Ser 73, we next measured
oligonucleotide probe. A) Tumors from control estrogen-treated (E,), tamoxifen-sensitive (the groups in- phosphorylated (i.e., active) JNK family
eluded 2 weeks [2w], 1 month [1m], 2 months [2m], and 3 months [3m] tamoxifen treatment during the members in the control estrogen-treated,
growth-inhibited [TamS] phase), and tamoxifen-resistant (during the growth-stimulated [TamnR] phase) xe- tamnoxifen 5 , and tamnoxifen R tumors (Fig.
nograft mice were harvested and analyzed for AP-1 DNA-binding activity. B) Tumors from control estrogen- 3,B.W a httetmx nR tmr
treated (E-,), estrogen-withdrawal-treated (-E-), or estrogen-withdrawal-treated/ICI 182,780-treated xeno- 3,B.W sa ththeamxen uor
graft mice at the sensitive, growth-inhibited phase (2 weeks of treatment, -E., or tCIs) and at the resistant, contained statistically significantly higher
growth-stimulated phase (-Ej, or MCIR) were harvested and analyzed for AP-1 DNA-binding activity. Top levels of both the 46-kd and 54-kd phos-
panels: representative electrophoretic mobility shift assay gels of the tumor nuclear extracts. For Tams, only pho-JNK Sforms compared with the
2 weeks of treatment is shown. An internal standard extract of MCF-7 Adria cells (MCF-7/Adr) was included tamoxifen5 tumors (>1.8-fold and 1.5-
sn each panel for normalization of the AP-I binding reactions between gels. An excess of unlabeled AP-1 fold; P<.001 and P = .008, respectively,
oligonucleotide (+ AP-1) was used to competitively inhibit specific AP-1 binding, and a nonspecific Sp-l for 46-kd and 54-kd phospho-JNK forms,
oligonucleotide (+ Sp-1) was added as a further negative control for this specificity. Arrows point to the after correcting for minor changes in the
specific AP-I complexes, and the nonspecific band is designated "as." Bottom panels: relative AP-I
DNA-binding activity in the treated tumors. Specific AP-1 complexes were quantitated on a Phosphotmager, level of total INK). Thus, both increased
and the DNA-binding activity of individual tumors was normalized between gels. AP-I DNA-binding phospho-c-Jun levels and increased JNK
activity in the tumor groups was calculated relative to the control estrogen-treated group, and calculated activity accompanied the increase in AP-
means (±-95% confidence intervals) were analyzed statistically by Student's t test as pairwise comparisons 1-dependent transcription in the tamoxif-
versus the control estrogen-treated group. *~ = P<.001. Electrophoretic mobility shift assays with the same en R tumors.
samples were repeated a minimum of two times.

DiscussION

stream to a minimal promoter (37). TPA trast, a statistically significant increase The emergence of tamoxifen resistance
induced CAT activity in vitro in the in CAT activity was detected in tamoxif- is a major problem in the treatment of
two TREx5 clones tested but not in the en R tumors in both TREx5 clones (two- breast cancer, and understanding the
TREA-72 clone (Fig. 2, A). The stable fold to threefold; P = .04 and P = .006 mechanisms by which resistance arises
transfectants were then grown as tumors for TREx5 clones 1 and 2, respectively), could have major clinical implications for
in the nude mice and treated with tamoxi- The finding that NP- 1 transcriptional ac- preventing or circumventing it. Our re-
fen. In tumors grown from the control tivity increased at the time of tamoxifenaR sults show that the development of ac-
TR.EA-72 clone, the low basal CAT ac- growth was reproducible in two different quired tamoxifen resistance of xenograft
tivity gradually declined during tamoxi- clones and in two independent in vivo ex- MCF-7 tumors in vivo is associated with
fen treatment (Fig. 2, B and C). In con- periments. both increased susceptibility to oxidative



A
TIRE A-72 TRExS/1 TRExS/f2

TPA - -+ -

Fig. 2. Activating protein-1 (AP-1) transcriptional activity in tamoxifen-treated
tumors. MCF-7 breast cancer cells were stably transfected with chloramphenicol
acetyltransferase (CAT) constructs containing either five copies of a consensus
AP-1 site (TREx5 clones) or a control mutated AP-1 site (TREA-72 construct). B
A) 12-O-Tetradecanoylphorbol 13-acetate (TPA) induction of TREA-72 and TREI-72 cp
TREx5 clones in vitro. Cells of two TREx5 clones (clone TREx5/1 and clone
TREx5/2) and one TREA-72 clone were left untreated (-) or were treated with
TPA (50 nglmL) for 8 hours, and extracts were analyzed by the CAT assay, as *., i ,,* i ]
described in the "Materials and Methods" section. In B and C, AP-1-dependent T,0,S* - .
CAT activity is indicated in tamoxifen-treated tumors. The transfectant clones 40' *40 . :-
were injected into nude mice and treated with estrogen and tamoxifen. Tumors
(four to eight mice per group) were harvested for CAT analysis after establish- **na• a •**'* .? -
ment in the presence of estrogen (P9, 2 weeks after tamoxifen treatment began TREx5.2 :fl*::.t9*9f'* .2 -.

(during the tamoxifen-inaibited growth phase, Tams), and at the appearance of
tamoxifen-resistant growth (TarnR). All tumors were from individual mice. CAT E2 Tam S Tam .R

assays were performed with the use of the same amount of protein extract for
individual tumors of each clone. B) CAT assay of clones TREA-72 and TRExS.
The TREA-72 clone has low basal CAT activity, so its autoradiographs were P=. '*P=.:006
exposed longer than those of the TREx5 clones. All of the tumors analyzed from 1.e,
the stable transfectants are shown. CAT assays of the same samples were re-
peated twice. C) Quantitation of relative CAT activity of the TRE/CAT clones C 2
shown in B. The CAT assays were quantitated on a PhosphoImager, and the
relative CAT activity in the tumor groups was calculated relative to that of the >
control estrogen-treated group of each clone. TamoxifenR calculated means
(±95% confidence intervals) were analyzed statistically by Student's t test com- < E

pared with the tamoxifens group. CP = chloramphenicol. 'ThinS

TREA-72 TRExSJJ "TREx5I'

Fig. 3. Phosphorylation of c-Jun and Jun NH-terminal kinase (JNK) in the
tamoxifen-treated tumors. Protein extracts (25 •g) of control estrogen-treated Cells Tumiors
(E2), tamoxifen-sensitive (Tams), and tamoxifen-resistant (TamR) MCF-7 breast
cancer xenograft tumors were analyzed by western blot analysis with antibodies Tam: • R ..
that recognize the phosphorylated forms of the proteins. A) Blots probed with Ab Ti.. - 6 - 9-- I52 34 56 8 •9

anti-phospho c-Jun antiserum specific for Ser 63 (top panel) and anti-total c-Jun Pho~pbG '-,liu 15 : "~' *i* - i i fl -

antiserum, which recognizes c-Jun independently of its phosphorylation status es r 0
(bottom panel). Controls were MCF-7 cells either untreated (-) or treated in-
vitro (+) with 12-O-tetradecanoylphorbol 13-acetate (TPA) at a dose of 50 1rt1t1 e-,uB .*.n- -'.__

ng/mL for I hour. B) Blots probed with anti-phospho JNK (54 kd and 46 kd)
antiserum recognizes Thr 183 and Tyr 185 phosphorylation. Arrows point to the
54-kd and 46-kd INK family members. A representative gel is shown of two or B a. Ti Tain, R
three tumors per group. Mean values of western blot band densities of phos- Ab ? r-n ..

phorylated c-Jun and JNKs/stress-activated protein kinases (SAPKs) were com- - n .. ;. - i'
pared by two-way analysis of variance. Ab = antibody; M.W. = molecular ThvsishsiJ54s * .: - , ;., :... - -

weight.

stress and increased AP-1 activity, number of antioxidant enzymes. Pro- tioxidant cellular capacity, as evidenced
Tamoxifen affects the intracellular redox longed tamoxifen treatment resulted in tu- by a striking decrease in HMS activity
status in breast tumors, increases lipid mors that were tamoxifen resistant and and a marked depletion of glutathione.
peroxidation, and induces the activity of a growth stimulated and had a reduced an- These oxidative changes after prolonged
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treatment appear to be specific to tamoxi- (MCF-WES cells) to a tamoxifen- tamoxifen R phenotype. In this context, it
fen because this marked reduction in glu- stimulated/tamoxifen-resistant phenotype is interesting that overexpression of c-Jun
tathione levels and, consequently, in- is associated with increased AP-1 DNA- in MCF-7 cells results in a tamoxifenR
creased susceptibility to oxidative stress binding activity. However, MCF-WES phenotype both in vitro and in vivo (58).
were not found in tumors from mice tamoxifenR tumors have a markedly de- Confirmation of the role of oxidative
treated with estrogen, with estrogen with- creased ER content, and although the tu- stress and AP-1 in the development of
drawal, or with the pure antiestrogen ICI mors are still estrogen sensitive, they are tamoxifenR could provide new strategies
182,780. globally resistant to all antiestrogens. In to delay or even to prevent this important

A remaining open question is to what contrast, the tamoxifenR tumors in this clinical problem.

extent all of the oxidative changes are ER study, which have increased AP-1 tran-
dependent. It is known that tamoxifen's scriptional activity, express high levels of REFERENCES

antiangiogenic effects and its potential to ER, remain estrogen dependent (5), and
induce oxidative stress are, at least in part, are growth inhibited by pure steroidal an- () Early Breast Cancer Trialists' CollaborativeGroup. Systemic treatment of early breast can-
ER independent (46-48), although the tiestrogens (6,7). Thus, although both cer by hormonal, cytotoxic, or immune
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We have previously demonstrated that basal AP-1 agents for the prevention or treatment of breast cancer.
transcriptional activity is high in normal human Oncogene (2001) 20, 2771 - 2780.
mammary epithelial cells, intermediate in immortal
breast cells, and relatively low in breast cancer cells. Keywords: AP-1; breast cancer; signal transduction;
In this study we investigated whether differences in AP-1 human mammary epithelial cells; carcinogenesis
transcriptional activity reflect differences in breast cells'
dependence on AP-1 for proliferation. The cJun
dominant negative, TAM-67, was used to determine the Introduction
effect of AP-1 blockade on the growth of normal,
immortal and malignant breast cells. We first showed Breast cancer is one of the most common malignancies
that TAM-67 inhibits AP-1 activity in normal and in women, and the leading cause of death for women
malignant breast cells. We then determined whether this between the ages of 40 and 55 in the United States
AP-1 inhibitor affected colony forming efficiency of the (Landis et al., 1999). Even with aggressive mammo-
immortalized and malignant breast cells. The AP-1 graphic screening, adjuvant chemotherapy, and inten-
inhibitor reduced colony formation of immortal breast sive therapy for existing cancer, many of the women
cells by over 50% (by 58% in 184B5 cells and 62% in who develop breast cancer will die from it. Thus, more
MCF10A cells), and reduced colony formation in, the effective prevention strategies and treatments are
breast cancer cell line MCF7 by 43%, but did not reduce urgently needed.
colony formation in the other breast cancer cell lines Unfortunately, little is known about the specific
(T47D, MDA MB231 and MDA MB 435). We also molecular events, which cause the progressive trans-
determined the effect of AP-1 blockade on the growth of formation of human breast epithelial cells to malignant
normal breast cells using a single cell proliferation assay. breast cancer. Studies of model systems of cancer have
Using this assay, the growth of normal breast cells was revealed that multiple steps are involved in carcinogen-
extremely sensitive to AP-1 blockade, while immortal esis, including tumor 'initiation' and 'promotion'
breast cells were moderately sensitive. We next directly events (Bishop, 1987). Mutations and deletions within
tested the effect of TAM-67 expression on the growth of tumor suppressor genes may represent the molecular
MCF7 breast cancer cells, using cells stably transfected equivalent of breast cancer 'initiation' events (Malkin
with TAM-67 under the control of a doxycycline- et al., 1990; Tripathy and Benz, 1993). However, the
inducible promoter. Upon induction, TAM-67 was molecular mechanism of breast tumor 'promotion' is
expressed and AP-1 activity was inhibited in these cells. poorly defined. In model systems (Berenblum and
We then measured the growth of these cells in the Shubik, 1947), classic tumor promoters induce the
presence or absence of TAM-67. The results of these proliferation of initiated cells, leading to the progres-
studies show that the growth of MCF7 cells was sive outgrowth of fully malignant cells. Such tumor
suppressed by the AP-1 inhibitor, TAM-67. These results promoters typically activate signal transduction path-
demonstrate that normal and immortalized breast cells, ways to stimulate cellular proliferation. In human
and some breast cancer cells (such as MCF7), require breast cells, the overproduction of growth factors, or
AP-1 to transduce proliferative signals, while other aberrant stimulation of growth factor receptors, may
breast cancer cells (such as T47D, MDA MB 231 and be responsible for the promotional phase of breast
MDA MB 435) do not. These studies suggest that the carcinogenesis (Harris et al., 1993).
AP-1 transcription factor is a potential target for future Growth factors important for mammary epithelial

cells, such as estrogen, EGF, TGF-a, and the IGFs,
may all represent tumor promoters of human breast
cancer. Thus, drugs that inhibit the ability of

*Correspondence PH Brown, Baylor Breast Center. Alkek 570-N, estrogen to activate the estrogen receptor (tamoxifen
MS 600, Baylor College of Medicine. One Baylor Plaza, Houston, and other antiestrogens) and drugs that block
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treat or prevent breast cancer. However, inhibition Results
of individual signal transduction pathways may be
only partially effective, since multiple different signal Expression of the cJun dominant-negative mutant,
transduction pathways can stimulate breast cell TAM-67, in breast cells
proliferation. It may be more effective to inhibitsignal transduction at a more distal point in the To determine whether AP- 1 transcription factor
cascade, where multiple mitogenic signals converge, complexes are involved in controlling breast cell
Since transcription factors, the nuclear proteins that growth we have investigated the effect of inhibiting

AP-1 activity on breast cell proliferation. To block AP-
control DNA transcription and gene expression, are 1 activity we used the cJun dominant-negative mutant,
the most distal components of these converging TAM-67. TAM-67 is a mutant form of cJun in which
mitogenic signal transduction pathways, inhibitors the transactivation domain has been deleted leaving the
of these transcription factors may be more potent DNA binding and the leucine zipper domains intact
inhibitors of breast cell growth. (Figure la). We and others have used TAM-67 to

A key family of transcription factors transducing investigate the role of AP-l in cell transformation, cell
multiple mitogenic signals is the AP-1 family. These differentiation, and apoptosis in many different cell
transcription factors are complexes of DNA-binding typesentiation, and 1993; C n many differ et
proteins made up of dimers of Jun and Fos types (Brown et al., 1993; Chen et al., 1996; Domann et
proteins, which bind DNA at specific AP-1 sites al., 1994; Dong et al., 1994; Ham et al., 1995; Petrak etand regulate the transcription of AP-1-dependent a!., 1994).
gendregulates. A transcription fatore expressedin Expression of the TAM-67 protein in different breast
genes. AP-1 transcription factors are expressed in cells was determined by immunoblot analysis of whole
most cell types and are activated by specific cell extracts of breast cells co-transfected with 0.5 ug of
kinases, such as the mitogen-activated and stress- the pCMV-TAM-67 expression vector. TAM-67 pro-
activated kinases, which are themselves activated by tein was detected using antibodies directed against the
diverse signals such as growth factor stimulation, DNA binding domain of the human cJun protein
exposure to light, oxidative stress, tumor promoters (Figure lb). Similar levels of TAM-67 protein were
such as TPA, or oncogene overexpression or observed in all cell lines, with MDA MB 435 cells
activation (Baselga and Mendelsohn, 1994). Thus, showing the lowest level of expression. We then
AP-1 is a central component of many signal
transduction pathways in many different cell
types.

We have previously shown that normal breast cells A. THE DOMINANT NEGATIVE INHIBITOR OF AP-1

have high basal levels of AP-1, while breast cancer TAM-67
cells have low basal levels (Chen et al., 1996). We DNA

hypothesized that the high basal level of AP-1 Transactivating BindingDimerization

present in normal breast cells is required to support cJun
the growth of normal cells and that these cells would aa. 1 331
be more dependent on AP-1 for their growth than
breast cancer cells. To investigate the role of AP-1 in TAM-67
controlling breast cell growth we have used normal aa. 1 2 123 331
breast cells, immortal breast cells, and breast cancer
cells. We determined the effect of AP-1 blockade on
the growth of these different breast cells using the Cn M
cJun dominant-negative mutant, TAM-67. These • 1"
studies demonstrate that the growth of normal and , a ,
immortal human mammary epithelial cells, which L • i L i
have the highest basal AP-I transcriptional activity, z 2 .

is suppressed by AP-1 blockade. Therefore, normal
and immortal breast cells require AP-l for their TAM6ýi:- ..
growth. Breast cancer cells have lower basal AP-1
transcriptional activity are less sensitive to AP-l Figure 1 TAM-67, a dominant negative mutant of cJun. (a)

blockade. Of the breast cancer cells tested, MCF7 Schematic representations of the protein functional domains in

cells were the most sensitive to the growth cJun and the cJun mutant, TAM-67. Three functional domains of

suppressive effects of the AP-1 inhibitor. The other cJun are shown: the transactivation domain, the DNA binding

breast cancer cells tested, T47D, MDA MB 435, and domain, and the dimerization domain. TAM-67 has most of the
transactivation domain deleted. (b) Transient protein expression

MDA MB 23 1, were resistant to the growth of TAM-67 in different breast cells. TAM-67 protein expression
suppressive effects of TAM-67. These results demon- was determined 36 h after transfection of the different cell lines

strate that the growth of normal breast cells and with 2.5 yg of the TAM-67 expression vector, pCMV-TAM-67.

some breast cancer cells is inhibited by AP-1 TAM-67 is distinguished from endogenous cJun, because TAM-
blockade, and suggest that AP-I is -a promising 67 protein is a cJun deletion mutant, which migrates faster than

endogenous cJun in the gel. TAM-67 protein was measured in

target for agents for the prevention or treatment of whole cell extracts using Western blot analysis as described in

breast cancer. Materials and methods

0ncogene
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measured the ability of the TAM-67 protein to inhibit transcriptional activity in the breast cancer cells
AP-1 activity in these breast cells as shown in Figure 2. (Figure 2b). Increasing amounts of pCMV-TAM-67

resulted in inhibition of TPA-induced AP-1 activity in
all breast cancer cell lines examined. In addition, we

TAM-67 inhibits AP-1 activity in normal and malignant have previously observed that TAM-67 inhibits serum-
breast cells stimulated AP-1 activity in breast cancer cells (Chen et

To demonstrate that TAM-67 inhibits AP-I activity in al., 1996). These results demonstrate that TAM-67
breast cells, we co-transfected the luciferase reporter inhibits AP-1 transcriptional activating activity in all of
construct, Col-Z-Luc, with increasing amounts of the the different breast cells.
TAM-67 expression plasmid, pCMV-TAM-67. The
results of these experiments are shown in Figure 2ab. TAM-67 inhibits colony formation of immortal breast
We observed that the high basal AP-1 activity present cells and some breast cancer cells
in normal and immortal breast epithelial cell is
significantly inhibited by TAM-67 expression (Figure We next investigated whether inhibition of AP-1
2a). Because basal AP-1 activity is relatively low in transcriptional activity affects breast cell proliferation
breast cancer cells (Chen et al., 1996), we measured the using a colony forming assay. This assay has been
effect of TAM-67 expression on TPA-induced AP-1 extensively used to demonstrate the effects of tumor

suppressors and oncogenes on cell growth. As
described in Materials and methods, breast cells were
co-transfected with pZeoSV and either pCMV vector

A. 140 or pCMV-TAM-67. The pZeoSV plasmid contains a
120 Normal breast cells Immortal breast cells zeocin resistance gene allowing selection of transfected

cells. We have measured the effect of TAM-67 on
S1oo colony formation in immortal and malignant breast

= 80 cells. Normal mammary epithelial cells could not be
" ]analysed because these cells undergo a finite number
680 of doublings and did not form zeocin-resistant

40 colonies. The colony forming results for all cell lines
tested are shown in Figure 3. Colony formation of

•i 20"• 20immortal breast cells was reduced when these cells

"0 were co-transfected with pCMV-TAM-67 compared to
ugTAM-67 DNA 0 .1 .5 0 .1 .5 0 .1 .5 0 .1 .5 cells co-transfected with pCMV (Figure 3a). The

HMEC-91 184 18405 MCF10A number of colonies was reduced by 62% and by

B. Breast cancer cells 58% for MCF10A and 184B5, respectively. Colony
ER+ ER- formation of the MCF7 breast cancer cell line was

S120 also reduced (by 43%; see Figure 3b). TAM-67 did
"> not significantly reduce the colony formation in theS100
U other breast cancer cell lines. Colony formation of
•-80 T47D breast cancer cells was not reduced and in fact

0 60 was significantly increased. These results suggest that

TAM-67 is stimulating growth in these cells, either by
S40 interacting with a negative growth regulator in T47D
2a0 cells, or alternatively by activating transcription

0 0 1 through interactions with co-activators present in

ugTAM-67 DNA 0 .1 .5 0 .1 .5 0 .1 .5 0 .1 .5 T47D cells.
TPA + ++ + ++ + ++ + + +

MDA MB MDA MBMCF7 "470 231 4W TAM-67 inhibits normal human mammary epithelial
Figure 2 TAM-67 inhibition of Col-Z-Luc activity in all the cell growth
breast cell lines. (a) TAM-67 inhibition of basal Col-Z-Luc
promoter activity in normal and immortal human breast cells. To investigate the effect of AP-I blockade on the
Cells were transfected with I ug of Col-Z-Luc reporter plasmid growth of normal human mammary epithelial cells we
plus increasing amounts (0, 0.1 or 0.5 ug) of the expression used a second assay, the single cell proliferation assay
plasmid pCMV-TAM-67. pCMV (empty vector) was included (SCPA) previously described by Timchenko et al.
(0.5, 0.1 or 0 jig) to maintain equal amounts of DNA in each
transfection. Transfection procedures were performed as described (1996). We used this assay to analyse normal and
in Materials and methods. Cells were lysed and luciferase activity immortal breast cell growth in the presence of TAM-
was determined 36 h after transfection. (b) TAM-67 inhibition of 67. The cells were co-transfected with 5 jig of the
TPA induced Col-Z-Luc promoter activity in breast cancer cells, expression vector pCMV (empty vector) or pCMV-
Cells were transfected with I gg of Col-Z-Luc reporter plasmid TAM-67 plus 0.5 ug of pCMV-13-gal. After allowing
plus increasing amounts pCMV-TAM-67 as described in (a).
Induction of AP-1 activity was done 36 h post-transfection by recovery from the transfection the cells were plated at
treating the cells with TPA (0.1 nM) for 4-6 h. AP-I activity was low cell densities and cultured to allow single cells to
measured as described in Materials and methods grow into small colonies ranging from 1-20 cells. The
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.0- 40-

* 20

184B5 MCF10A MCF7 T47D MDA MB MDA MB
231 435

Figure 3 Colony forming efficiency of TAM-67 transfected breast cells. Colony formation of immortalized (a) and malignant (b)
breast cells. Immortalized (a) and malignant (b) breast cells were transfected with pSVZco (0.5 ,g) and either pCMV (5 pg) or
pCMV-TAM67 (5 ,ig). Transfections were performed as described in Materials and methods. After 2 weeks of selection Zeocin
resistant colonies were stained with crystal violet and counted. The data shows the average number of Zeocin resistant colonies from
experiments done in triplicate with error bars representing the s.e.m. The names of the different cell lines analysed are given on the
x-axis. *P-value<0.05

cells were then fixed and stained in situ for 13- vector cell lines. MCF7 tTA cells were transfected
galactosidase activity and transfected cells were with either the empty vector, or with the expression
identified as blue cells by light microscopy. The plasmid containing the flag-tagged TAM67 cDNA
number of transfected cells observed per colony were inserted downstream of a tetracycline-responsive tran-
scored and presented as a histogram of the percentage scriptional promoter as described in Figure 5a. This
of colonies having 1, 2, 3, or more transfected cells per plasmid was cotransfected with a plasmid carrying the
colony. An example of a blue colony obtained by hygromycin resistance gene, allowing for selection of
transfection of breast cells with pCMV-13-gal is shown transfected cells. Hygromycin-resistant colonies were
in Figure 4a. then selected under conditions that repress expression

Results from these experiments showing the number of the TAM-67 cDNA. The cells were then screened
of cells present in blue colonies in normal and for inducible TAM-67 protein expression by immuno-
immortal cells transfected with either pCMV or blotting with anti-cJun antibodies. We used two MCF7
pCMV-TAM-67 is shown in Figure 4b. The upper Tet-off TAM-67 clones for further study. Figure 5b
panels show the histogram obtained when pCMV is shows the inducible expression of these two clones
transfected into the cells, while the lower panels show (MCF-7 #62 and MCF7 #67) found to express TAM-
the histogram obtained when pCMV-TAM-67 is 67. These clones do not express TAM-67 in the
transfected into the cells. Note that TAM-67 reduces presence of doxycycline, but do express high levels of
the number of blue cells per colony in both normal TAM-67 protein when doxycycline is removed from
cells (HMEC and 184 cells) and immortal breast cells the media (Figure 5b).
(184B5 and MCF1OA). These results demonstrate that The functional activity of TAM-67 in these MCF7
the growth of normal and immortal human mammary clones was determined by analysing inhibition of basal
epithelial cells is inhibited by expression of TAM-67. and TPA-induced AP-1 transactivating activity (Figure
Also note that the mean number of blue cells per 5c,d). Cells were transfected with the AP-I reporter
colony is reduced more in normal breast cells (HMEC plasmid, and then split 1:2. Half the cells were
and 184 cells) than in the immortalized cells (184B5 cultured in medium containing doxycycline while the
and MCFIOA) (Figure 4b). This result suggests that other half of the cells were grown in medium without
normal human mammary epithelial cells are more doxycycline. After induction, the cells were harvested
sensitive to the AP-1 inhibitor than are the immorta- for measuring basal AP-I activity, or were treated with
lized breast cells. TPA for 4-6 h and then harvested to measure TPA-

induced AP-1 activity. Figure 5c shows the results of
transcriptional activation assays of basal AP-1 activity

Isolation of breast cancer clones expressing TAM-67 tnscription a ctia ina of baa Apreacivit
under the control of an inducible promoter in the present of doxycycline (TAM-67 not expressed),

or in the absence of doxycycline (TAM-67 expressed).
To directly investigate whether AP-1 blockade inhibits Removal of doxycycline did not affect basal AP-1
the growth of breast cancer cells, we created MCF7 cell activity in vector-transfected clones (Clones #1 and
lines that express TAM-67 under the control of an #7), but did significantly reduce basal AP-1 activity in
inducible promoter. The Tet-off system was used for both the TAM-67 expressing clones (Clones #62 and
creation of inducible MCF7-TAM-67 and MCF7- #67) (Figure 5c).
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4 100 pCMV-TAM-67 pCMV-TAM-67 pCMV-TAM-67 pCMV-TAM-67
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TAM-67<pCMV TAM-67<pCMV TAM-67<pCMV TAM-67<pCMV
p=0.07 p---0.0001 p-0.005 p=0.0002

Number of Blue Cells/Colony

Figure 4 Single cell proliferation assay of normal and immortal breast cells. (a) Schematic diagram of the single cell proliferation
assay. MCF7 cells were co-transfected with pCMV (5 pg) and pCMV-/3-gal (0.5 ,ug) and stained with X-gal. A transfected colony
(blue cells) and an untransfected colony (white cells) are shown. (b) Single cell proliferation assay of normal and immortal breast
cells. The indicated breast cells were transfected with pCMV-/P-gal (0.5 pg) and either pCMV (5 pg) or pCMV-TAM-67 (5 jig). After
approximately three doublings, the transfected cells were identified by staining in situ for fl-galactosidase activity and the number of
transfected cells per colony were counted. The results are shown as histograms of 1-20 cells per colony and were analysed using the
Wilcoxon rank sums test as described in the Statistical Analysis section of Materials and methods. P values from the Wilcoxon rank
sums test are shown
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Figure 5 Induction of TAM-67 protein in MCF7 cells. (a) The Tet-off inducible protein expression system is shown. The Tet-off
system utilizes the tetracycline dependent transcriptional repression activity of the tTA protein. The TAM-67 cDNA was cloned
downstream of a tTA repressible CMV promoter element (TetRE) in a plasmid having a hygromycin-selectable marker. With the
Tet-off system transfected cells are selected for hygromycin-resistance in the presence of doxycycline to maintain repression of TAM-
67 expression and protein expression is induced by removal of doxycycline. (b) TAM67 protein expression in MCF7 Tet-off TAM-
67 clones. Immunodetection of induced TAM-67 protein expression in MCF7 Tet-off cells. Total cellular protein was extracted 48 h
after growing the cells in the presence (+) or absence (-) of doxycycline, and equal amounts of protein was analysed for TAM-67
expression using anti-cJun antibody. The TAM-67 protein band is indicated with an arrow. (c) Inhibition of basal AP-l activity in
MCF7 Tet-off TAM-67 clones. Basal AP-I activity was determined by measuring the effect of TAM-67 protein induction on the
activity of the transfected AP-l-dependent luciferase reporter plasmid, Col-Z-Luc. Cells were transfected with I jg of Col-Z-Luc
(and 0.5 pg of CMV-,6Gal plasmid to measure transfection efficiency) for 12 h and split into two plates, with or without
doxycycline. After 36 h of incubation, the cells were harvested to measure basal AP-l activity. Cell extracts were prepared, and
luciferase and ,l-galactosidase activity were measured as described in Materials and methods. Each transfection was done in
triplicate, and the luciferase results were normalized for differences in transfection efficiency using the /3-galactosidase results. The
data are presented as the luciferase activity in the presence of TAM-67 relative to the luciferase activity in the absence of TAM-67
for each MCF7 clone. Mean values are shown and error bars show standard deviation from the mean. (d) Inhibition of TPA-
induced AP-l activity in MCF7 Tet-off TAM-67 Clones. The effect of TAM-67 on TPA-induced AP-l activity was determined by
measuring AP-l activity in the presence or absence of doxycycline in clones transfected with the AP-! dependent luciferase reporter
plasmid, Col-Z-Luc. The cells were transfected with I pg of Col-Z-Luc Luc (and 0.5 pg of CMV-,3Gal plasmid to measure
transfection efficiency) for 12 h and split into two plates, with or without doxycycline. After 36 h of incubation the cells were treated
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Figure 5d shows the results of experiments measur- (1993) have shown that 184 normal human mammary

ing TPA-induced AP-1 activity in MCF7 cells. When epithelial cells, and the immortalized derivative 184B5,

the cells were grown in the presence of doxycycline are both dependent on TGFc for continued growth

(uninduced conditions), AP-1 activity was induced demonstrating that normal breast cells require peptide

more than fivefold with TPA treatment (data not growth factors to sustain their growth. The present

shown). TPA-induced AP-1 activity was not affected by results extend this observation to show that the activity

removal of doxycycline in the MCF7 vector clones of the AP-1 transcription factor, a downstream

(Clones #1 and #7, Figure 5d). In contrast, when transducer of these peptide growth factors, is critical

TAM-67 transfected cells were grown in the absence of for the growth of normal and immortal breast cells.

doxycycline (TAM-67 induced), TPA-induced AP-1 Our results also demonstrate that certain breast

activity was reduced in both MCF7-TAM67 clones cancer cells are less dependent on AP-1 for their

(Clones #62, and #67, Figure 5d). These results growth than are normal breast cells. The breast cancer

demonstrate that TAM-67 protein inhibits both basal cell line most sensitive to AP-1 inhibition was MCF7.

and TPA-induced AP-1 activity in these inducible The other cancer cell lines studied (T47D, MDA MB

MCF7 breast cancer cell lines. 231 and MDA MB 435) were resistant to AP-1

We next directly measured the growth of the MCF7 blockade. These results suggest that at least for some

cells under conditions in which TAM-67 was either breast cancer cell lines (T47D, MDA MB 231 and

repressed or induced (Figures 5e). As shown in Figure MDA MB 435), activation of AP-l-dependent path-

5e, the growth of both of the MCF7 Tet-off TAM-67 ways may not be essential for their growth. The breast

clones was inhibited when doxycycline was removed cancer cell line T47D was observed to have an

from the media. The growth of two independently increased colony forming efficiency when AP-1 activity

isolated vector-transfected clones was not inhibited by was blocked. This observation indicates that AP-l

withdrawal of doxycycline. These results, along with activity may be involved in negative growth regulation

the results of studies of transiently-transfected cells, of this breast cancer cell line. Studies are ongoing to

shown in Figure 3, demonstrate that the growth of investigate the role of AP-1 in negative growth

MCF7 cells is inhibited by the expression of the AP-1 regulation of T47D breast cancer cells.

inhibitor, TAM-67. We are currently investigating the mechanism by
which AP-1 blockade leads to growth suppression of
breast cells. Depending on cell type, AP-1 transcription

Discussion factors transduce mitogenic signals from peptide
growth factors, or stress signals through the SAPK

The above results show that the growth of normal and or JNK pathways (reviewed in Karin et al., 1997).

immortal human mammary epithelial cells and MCF7 Thus, AP-1 blockade could inhibit growth either by

breast cancer cells is inhibited by AP-1 blockade. We blocking cell cycle progression, or by inducing

have previously shown that normal human breast cells apoptosis. Preliminary results from our laboratory

express high basal levels of AP-1 activity and that suggest that TAM-67 inhibits cell proliferation in

breast cancer cells express lower levels of AP-1 activity MCF7 cells by suppressing entry into the S phase of

(Smith et al., 1997). The studies reported here suggest the cell cycle, without inducing apoptosis (data not

that the high levels of AP-l activity in normal and shown). This interference with S phase entry is

malignant breast cells reflect these cells' dependence on consistent with previous studies of the role of AP-1

AP-1 for their growth. In addition, the present results in rat fibroblasts. Kovary and Bravo (1991) have

show that some breast cancer cells, but not all, also previously shown in fibroblasts that microinjection of

depend on AP-1 for the growth. antibodies specific for Jun or Fos proteins inhibits cell

The present results demonstrating that premalignant cycle progression and entry into S phase. Based on our

breast cells depend on AP-1 to transduce mitogenic preliminary studies, we predict that AP-1 blockade

signals is consistent with previous reports demonstrat- induced by the cJun dominant-negative, TAM-67, also

ing that normal human mammary epithelial cells blocks cell cycle progression and entry into S phase in

require peptide growth factors to support their growth. human breast cells.

Stampfer and Yaswen (1992) and Zajchowski et al. It is possible that breast cancer cells that have

(1988) have demonstrated that peptide growth factors genetic alterations in tumor suppressor genes, such as

are required for the in vitro growth of normal human p53 or Rb mutations, or overexpression of oncogenes,

mammary epithelial cells. In addition, Stampfer et al. such as c-erbB2/her2/neu, c-mnyc, or cyclin D, no longer

with TPA for 4-6 h, after which time cell extracts were made and luciferase and fl-galactosidase activity was measured. Each

transfection was done in triplicate. The data are presented as luciferase activity in the presence of TAM-67 relative to luciferase

activity in the absence of TAM-67 for each clone. Mean values are shown and error bars show standard deviation from the mean.

(e) Effect of induced TAM-67 expression on the growth of MCF7 and MDA MB 435 breast cancer cells. Growth of MCF7 Tet-off

vector and TAM-67 clones was determined in the presence (squares) and absence (diamonds) of doxycycline. Cell growth was

measured using the MTS assay as described in Materials and methods. Each point represents the mean of three independent

cultures, and error bars show standard deviation from the mean
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require mitogenic signals that are normally transduced The present results and those of Gee el al. (2000)
by AP-l. The observation that normal human breast and Barnberger et al. (1999) demonstrate that the AP-
cells, which lack these genetic alterations, require AP-l I transcription factor is an important mitogenic
activity for their growth is consistent with this signaling complex for normal and malignant breast
hypothesis. Most of the breast cancer cells studied cancer cells. These studies suggest that this transcrip-
here have known genetic alterations (Bonsing et al., tion factor complex could be targeted for the
1997; Katayose et al., 1995; Lesoon-Wood et al., 1995). development of future therapeutic agents. Thus, agents
T47D, MDA MB 231 and MDA MB 435 have known that inhibit AP-l or that block AP-l activation, such
p53 mutations, while MCF7 breast cancer cells, 184 as inhibitors of Jun N-terminal kinases, may be useful
normal breast cells, and the immortalized cells have agents for the prevention or treatment of breast
been shown to express normal p53 (Lehman et al., cancer.
1993). These genetic alterations may disrupt the normal
mitogenic signal transduction pathway at a step distal
to AP-1, and thus render these transformed cells more
resistant to AP-1 inhibitors. M'laterials and methods

Recent studies of the expression of Jun and Fos
family members in human breast tumors also suggest Primary cell cultures and cell lines

that these proteins have variable expression in human The human mammary epithelial cells and cell lines used in
breast tumors. Bamberger et al. (1999) investigated the these studies are described in previous studies by Smith et al.
expression of members of the AP-1 family in 53 breast (1997). Cells used include normal HMECs isolated from
tumors. They observed relatively uniform expression epithelial organoids of human breast from Clonetics
of cJun, JunB, cFos, and Fra2 and variable levels of (passages 9-10); normal 184 cells provided by Dr Martha
JunD and FosB. In this study, the authors noted that Stampfer (Stampfer and Yaswen, 1992); nontumorigenic
the expression of FosB correlated with ER-positivity immortal cell lines derived from benzo(a)pyrene-treated 184

well-differentiated phenotype, while e cells 184A1 and 184B5 (Stampfer and Bartley, 1985), a
and a wexpression nontumorigenic spontaneously immortalized HMEC cell line
of Fral showed a strong negative correlation with MCF10A (from Dr J Russo); and cancer cells: MCF7, a
FosB expression, ER receptor positivity, and the human breast adenocarcinoma cell line provided by Dr Ken
differentiation status. Thus, tumors expressing FosB Cowan, and T47D, MDA MB 231, and MDA MB 435 (from
(the well differentiated, ER-positive tumors) would be ATCC). Cells were grown in the following culture media:
expected to be sensitive to AP-I inhibitors, such as MEGM (Clonetics, San Diego, CA, USA) for normal
TAM-67. Fra-I has been shown to inhibit AP-1 HMECs 184, 184A1, and 184B5 (Stampfer et al., 1980;
transcription factor activity (Yoshioka et al., 1995), Stampfer and Bartley, 1985) DME/F-12 with 5% horse
and thus tumors expressing Fra-1 may be resistant to serum and supplements for MCFI0A (Ciardiello et al., 1990;
AP-1 inhibitors. Our present results support this Soule et al., 1990) and Improved MEM (high zinc option;

hypothesis: MDA MB 231 cells, which express high Life Technologies, Inc.) supplemented with 10% FCS and
penicillin/streptomycin for the breast cancer cell lines. MCF-7

levels of Fra-l, are resistant to the anti-proliferative tTA cells were purchased from Clontech.
effects of TAM-67 (see Figure 3), while MCF7 cells,
which express FosB, but do not express Fra-l (Chen
et al., 1996, and unpublished observation), are Transfection of breast cells
sensitive to TAM-67. The breast cells 184, HMEC, 184B5, MDA MB 231, MCF7.

More recent studies performed by Gee et al. (2000) and T47D were transfected using Fugene 6 reagent
examined the activation of the AP-1 transcription (Boehringer-Mannheim); MCFIOA and MDA MB 435
factor complex in human breast tumors. They breast cells were transfected using the LT-1 transfection
measured the expression of phospho-cJun in 78 reagent (PanVera Corp.) according to manufacturer's
primary breast tumors. These authors found that recommendations.

phospho-cJun expression was associated with expres-
sion of peptide growth factors 'and their receptors Western analysis
(TGFa and EGFR), as well as with expression of the Whole cell protein extracts normalized were electrophoresed
phosphorylated form of the activating kinase of cJun, on a 12% acrylamide denaturing gel and transferred by
JNK. They observed correlations between high phos- electroblotting onto a nitrocellulose membrane (Bio-Rad).
pho-cJun expression and decreased overall survival and Primary antibody used was rabbit anti-cJun Ab-1 from
presence of distant metastasis. In addition, estrogen Oncogene Science (Cambridge, MA, USA). Blots were
receptor-positive tumors that expressed high phosph- developed using the enhanced chemiluminescence (ECL)
cJun developed progressive disease more rapidly than procedure (Amersham).
did tumors expressing low phospho-cJun. These clinical
data suggest that in a subset of breast tumors, the AP- Luciferase assay to measure AP-1 activity
I transcription factor is activated, and that this AP-l transcriptional activating activity in cells was measured
transcription factor is likely transducing growth factor using the enhanced luciferase assay (Tropix) as previously
signals in vivo. These clinical observations also provide described (Chen et al., 1996). The cells were transfected with
rationale to target this transcription factor for the the Col-Z-Luc reporter gene containing the luciferase gene
prevention and treatment of breast cancer, linked to 1100 bp of the human collagenase gene promoter
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which contains a single AP-1 binding site (TGAG/CTCA) doxycycline, and the next day doxycycline was removed in
between nucleotides -73 and -63. Transfected cells were half the samples to induce the transfected gene (MCF7 tTA-
lysed 36 h after transfection and luciferase activity was vector or -TAM67 lines). During the experiment the medium
measured with equal amounts of cell extract. The cells were was replaced every other day. A solution containing a 20: 1
also transfected with a CMV-/3Gal plasmid and fl-galactosi- ratio of MTS and PMS was added to the cells for 2 h at 37°C
dase activity was measured to normalize the luciferase results and absorption at 495 nm was determined. Each data point
for transfection efficiency as previously described (Chen et al., was performed in quadruplet, and the results were reported
1996). as mean absorption+ standard error.

Cell growth assays Statistical analyses

Colony formation assays result in counts of numbers of

Colony formation assay Two x 101 cells were co-transfected colonies. After log-transformation, as indicated by Box-Cox
in 35 mm wells with 0.5 ug pZeoSV (Invitrogen), and 5 ug of analysis (Box and Cox, 1962), TAM-67 transfected cells were
either pCMV (empty vector) or pCMV-TAM-67. Twelve compared to vector alone using two-sample t-tests. Single cell
hours after transfection the cells from each 35 mm well were proliferation assays results in a distribution of cells per
split into four 35 mm wells. Twenty-four hours after the colony for each cell type. Wilcoxon rank sum tests were used
Transfection, Zeocin (Invitrogen) was added to a final to compare distributions between TAM-67 and vector
concentration of 400 Mg/ml. All cells were found to be killed transfected cells.
at this concentration if not transfected with the Zeocin
resistance plasmid. After 2 weeks of selection in Zeocin,
resistant colonies were stained with crystal violet and
counted.

Abbreviations
Single cell proliferation assay Cells were co-transfected as AP-l: Activating Protein-I; ER: Estrogen receptor;
described for the colony forming efficiency assay with 0.5 jg HMECs: Human mammary epithelial cells; IGF: insulin-
of pCMV-1-gal and 5 jg of either pCMV (empty vector) or like growth factor; SCPA: Single cell proliferation assay;
of pCMV-TAM-67. Twelve hours after transfection the cells SEM: standard error of the mean; TGFa: transforming
were trypsinized and replated as single at cells densities of 0.2 growth factor alpha; TPA; 12-O-tetradecanoylphorbol-13-
to 1.0 x 10' in 100 mm plates. After approximately three acetate; X-Gal: 5-Bromo-4-Chloro-3-Indoyl-B-galactopyra-
doublings, colonies of cells were fixed and stained with X-Gal noside.
to detect cells expressing 13-galactosidase in situ. Colonies
containing blue cells were visualized by light microscopy and
scored for the number of blue cells per colony. The cells in Acknowledgments
these blue colonies all received DNA and arose from a single The authors would like to acknowledge Dr Martha
transfected cell. Therefore, transfection efficiency in these Stampfer for providing normal and immortal human
counted blue colonies is 100%. mammary epithelial cells. In addition, we would like to

thank Paula Sauceda, Dr Chunhua Lu and Kendall Wu for
Cell proliferation assay of stably transfected Tet-off cell their assistance in preparing this manuscript. This work
lines The CellTiter 9 6TM AQueous Non-Radioactive Cell was supported by Department of Defense grant DAMD-
Proliferation Assay (Promega, Madison, WI, USA) was used 17-96-1-6225 (PH Brown, YM Liu, D Mufioz-Medellin).
to measure breast cancer cell growth according to the JH Ludes-Meyers was supported by National Institutes for
protocol provided by the manufacturer. One thousand to Health training program for translational breast cancer
2000 cells were seeded in a 96 well plate in media containing grant #CA70091.
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Breast Cancer Cells Have Lower Activating Protein 1 Transcription Factor Activity

than Normal Mammary Epithelial Cells1

Leia M. Smith,2 Michael J. Birrer, Martha R. Stampfer, and Powel H. Brown 3

Biomarkers and Prevention Research Branch, Division of Cancer Prevention and Control, National Cancer Institute, Rockville, Maryland 20850 [L. M. S., M. J. B.]; Berkeley
National Laboratory, Berkeley, California 94720 [M. R. S.]; and The University of Texas Health Science Center at San Antonio, Division of Medical Oncology/Department of
Medicine, San Antonio, Texas 78284 [P. H. B.]

ABSTRACT stimulation of these different signal transduction pathways is the
activation of nuclear transcription factors that regulate transcription ofTo determine whether normal breast cells have different levels of gns ifrnilepeso fteetre ee a eemn

activating protein 1 (AP-1) expression and activation relative to breast

cancer cells, we have compared the level of c-Jun and c-Fos expression and whether the cells proliferate, differentiate, or become transformed.

AP-1 activity in human mammary epithelial cells (HMECs) at different e present study characterizes the expression and activity of one

stages of transformation (normal proliferating HMECs, immortal such transcription factor, the AP-1 complex in human breast cells,
HMECs, oncogene-transformed HMECs, and breast cancer cell lines), which is activated by the stimulation of mitogenic signal transduction
These studies demonstrated that normal and immortal HMECs have a pathways. This transcription factor is a complex of the Jun and Fos
high basal level of expression of cJun and cFos and higher AP-1 DNA- proto-oncoproteins (12, 13). AP-1 complexes are formed by dimers of
binding and transcriptional activating activities than do oncogene-trans- Jun family members (c-Jun, JunB, and JunD) or heterodimers of the
formed HMECs or human breast cancer cells, with a gradual decrease in Jun family members with the Fos family members (c-Fos, Fos B,
AP-1 transactivating activity as cells progress through the carcinogenesis Fra-1, and Fra-2). AP-1 complexes bind to a specific target DNA site
pathway (normal > immortal > oncogene-transformed > cancer cell (also known as the TRE) found in the promoters of several cellular
lines). The AP-1 activity in normal or immortal cells was not modulated by genes such as human collagenase, stromelysin, plasminogen activator
growth factor supplementation or oncogene overexpression, as it is in
breast cancer cells. However, the addition of suramin, a nonspecific (uPA), and plasminogen activator inhibitor (PAI-1) and activate the
growth factor antagonist, did inhibit AP-1 in these HMECs, suggesting transcription of these genes (12, 13).
that this high level of AP-1 present in normal HMECs may be due to The AP-1 complex either positively or negatively regulates tran-
autocrine stimulation of growth factor pathways. The differences in AP-1 scription of target genes, depending on the composition of the het-
activity in normal and malignant breast cells may indicate that normal erodimers (14-18). In response to different stimuli, such as growth
cells are more dependent on AP-1-mediated signals for their growth than factor stimulation, cellular stress, or even UV light stimulation, the
are breast cancer cells. expression and activity of Jun and Fos proteins are rapidly and

transiently induced (19-21). In addition, tumor-promoting agents,
such as TPA, have also been shown to act via the AP-1 pathway (22,

INTRODUCTION 23). Several other families of transcription factors also interact with

Multiple growth factors have been identified that stimulate the Jun and Fos proteins to affect their activity. Other leucine-zipper

proliferation or differentiation of normal HMECs 4 and breast cancer proteins such as members of the cAMP-responsive element binding

cells (reviewed in (1-3)). EGF stimulates the growth of normal protein/activating transcription factor family have been shown to

HMECs (2) as well as breast cancer cells (1, 3), and heregulin has heterodimerize with c-Jun and affect transcriptional activity of the

been found to modulate the growth and differentiation of immortal AP-1 complex (24). Cross-coupling between c-Fos and c-Jun and the

HMECs (4). Other hormones that affect the growth of breast cancer nuclear factor-KB p65 protein has also been demonstrated and was

cells include estrogen (5, 6) and insulin-like growth factors (IGF-1 found to enhance DNA binding and transactivating activity of both

and IGF-2; Ref. 7), which induce proliferation, and retinoids, which nuclear factor-KB and AP-1 (25). In addition, several steroid hormone

inhibit proliferation and induce differentiation (8, 9). Steroid hor- receptors, such as glucocorticoid receptor, retinoic acid receptors, and

mones such as estrogen and retinoids directly activate steroid hor- estrogen receptor, can enhance or repress AP-1 activity by a mecha-

mone receptor transcription factors, whereas peptide hormones induce nism that may involve direct protein-protein interaction, a process

the activation of second messengers, which in turn activate nuclear termed transcription factor "cross-talk" (reviewed in Ref. 26).

transcription factors (10, 11). The ultimate effect of growth factor The purpose of the present study is to determine the expression and
activity of AP-1 complex in HMECs at different stages of the carci-

Received 1/14/97; accepted 5/12/97. nogenesis pathway. We have shown previously that the AP-1 tran-
The costs of publication of this article were defrayed in part by the payment of page scription factor is expressed in breast cancer cells and is activated by

charges. This article must therefore be hereby marked advertisement in accordance with serum, TPA, or peptide growth factor stimulation in these cells (27).
18 U.S.C. Section 1734 solely to indicate this fact. In this study, we determined whether AP-1 expression or activity of

' This work was supported by Grant ZO0 CN000179 from the National Cancer Institute
intramural funds (to L. M. S. and M. B.), Grant 5P50 CA-58183 from the NIH (to normal, immortal, and oncogene-transformed HMECs changes upon
P. H. B.), and Grant DAMD17-96-1-6225 from the United States Army Breast Cancer transformation of human breast cells. We measured the basal level and
Research Program (to P. H. B.), Grant CA-24844 from the NIH (to M. R. S.), and
Contract No. DE-AC03-00098 from the Office of Energy Research, Office of Health and growth factor-induced expression of c-jun and c-fos genes, AP- 1 DNA
Environmental Research, United States Department of Energy (to M. R. S.). binding, and transactivating activities in proliferating normal, immor-

2 Present address: Laboratory of Experimental Immunology, National Cancer Institute- tal, oncogene-transformed HMECs, and breast cancer cell lines. We
Frederick Cancer Research and Development Center, Frederick, MD 21702-1201.

3 To whom requests for reprints should be addressed, at The University of Texas also determined the effect of overexpressing activated oncogenes
Health Science Center at San Antonio, Division of Medical Oncology/Department of (c-erbB2 and c-Ha-ras) on the AP-1 transactivating activity in im-
Medicine, 7703 Floyd Curl Drive, San Antonio, Texas 78284. Phone: (210) 567-4777; mortal nontumorigenic HMECs and in tumorigenic breast cancer cell
Fax (210) 567-6687; E-mail: powelbrown@oncology.uthscsa.edu.

4 The abbreviations used are: HMEC, human mammary epithelial cell; EGF, epidermal lines. Results from these studies showed that normal HMECs have a
growth factor; IGF insulin-like growth factor; AP-I, mammalian activating protein-l; higher basal level of AP-1 than do cancer cells, and that the high basal
TPA, 12-O-tetradecanoylphorbol-13-acetate; TRE, TPA response element; TGF, trans- *
forming growth factor; CAT, chloramphenicol acetyltransferase; CMV, cytomegalovims; activity in normal and immortal HMECs is not further increased by
PGal, P3-galactosidase; ATTC, American Type Tissue Collection. exogenous growth factors or by the expression of activated onco-
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genes. The characterization of the transcription factors activated by Measurement of AP-1 DNA-binding Activity
growth factors arid oncogenes in HMECs should lead to a morecomplete understanding of thc signal transduction pathways thaIt con Preparation of Nuclear Extracts. Nuclear extracts were prepared as de-trol proliferation and transformation of breast cells. scribed previously (27). Briefly, cells were plated in 100-mm culture dishesand grown overnight. The media was not changed for 48 h for continuously

growing cells. For EGF induction, the cells were grown in minimal media for
at least 15 h, and then EGF was added. The cells were then harvested at variousMATERIALS AND METHODS times, washed with PBS, and lysed in cell lysis buffer (with NP40). Intact

Primary Cell Cultures and Cell Lines nuclei were isolated by high speed centrifugation and resuspended in nuclear
suspension buffer. The nuclei were then lysed by freeze/thawing, and the

Human mammary epithelial cells and cell lines used in these studies include protein concentration in the resulting nuclear lysate was determined by a
normal HMECs isolated from epithelial organoids of human breast from colorimetric assay (Bio-Rad).
Clonetics (passages 9-10): normal 184 cells (2): 184A1 and 184B5, nontu- DNA Binding Assay. The DNA binding assay was performed using the
morigenic immortal cell lines derived from benzo(a)pyrene-treated 184 cells Gel Shift kit (Stratagene, San Diego, CA). Briefly. 5 jig of nuclear protein
(28): MCF10A (from Dr. J. Russo), a nontumorigenic spontaneously immor- were mixed with DNA binding buffer and a 3-P-labeled double-stranded
talized HMEC cell line: MCFIOAneoT (from Dr. J. Russo. Fox Chase Cancer oligonucleotide containing a single AP-1 consensus binding site (Stratagene)
Center. Philadelphia. PA). a transformed cell line derived from MCF10A and incubated at room temperature for 30 lain. To inhibit specific AP-1
transfected by c-Ha-ras: MCF7 WT (wild type), a human breast adenocarci- binding. ani excess of nonradiolabeled double-stranded AP-1 oligonucleotide
noma cell line: MCF7 Adria, a doxorubicin (Adriamycin)-resistant subclone of (Prolnega Corp., Madison. WI) was also mixed with some control samples.
MCF7 WT (from Dr. K. Cowan. National Cancer Institute. Bethesda. MD): Bromphenol blue dye was then added to the samples. which were then loaded
and SKBr-3 (from American Type Culture Collection, Rockville. MD). a onto aI nondenaturing acrylamide gel to separate protein-bound DNA from free
human breast cancer cell line with c-erbB2 amplification. Cells were grown in oligoliucleotide. The gels were run at 4VC and then dried and exposed to X-ray
the following culture media: MEGM with or without sodium bicarbonate film or analyzed using the Phosphorlmager (Molecular Dynamics. Sunnyvale.
(Clonetics, San Diego. CA) for normal HMECs. 184. 184A1, and 184B5 (28, CA) to quantitate the intensity of retarded bands.
291: DMEM/F- 12 with 5%ý horse serum: arid supplements as described (30, 31) Western Analysis
for MCFIOA alid MCF10AneoT [with 40•( pigmli Gencticin (G418). Life
Technologies. Inc., Gaithersburg. MDI. and Improved MEM (high zinc option: Equal amnounts of protein from nuclear fractions were electrophoresed on a
Life Technologies. Inc.) supplemented with 10% FCS and penicillin/strepto- 12% acrylarmide denaturing gel and transferred by electroblotting onto a
mycin for MCF7 WT. MCF7 Adria. and SKBr-3. nitrocellulose membrane (Bio-Rad). The blots were blocked using nonfat dry

milk in PBS-Tween 20 (0.05r%: PBS-T) for I h at room temperature orGrowth Factor, Inhibitor, and Antibodies overuight at 4°C. washed with PBS-T. and then incubated with primary
antibody Irabbit anti-c-Jun Ab-I from Oncogene Science (Cambridge. MA).For growth factor studies, HMECs were grown in minimal media (without rabbit anti-cFos Ab SC-52 (Santa Cruz Biotechnology. Santa Cruz. CA), orgrowth factor/serum supplements) for at least 15 h and then stimulated using rabbit anti-human activated c-erhB2 (UBI)] at a 1:250 dilution for I h at roomhuman recombinant EGF (UBI. Lake Placid. NY) at 10 nig/ll at varying times. temperature. Blots were washed extensively with PBS-T and then incubated

Suramin was used at a concentration of I lug/rnl. InI experiments using with a 1:2000 dilution of horseradish peroxidase-conjugated secondary anti-
neutralizing antibodies, cells were incubated with monoclonal antibody sPe- body (Amersham Corp.) for I h. Blots were washed with PBS-T and then
cific for TGF-a (R & D, Minneapolis. MN: 10 ig/hil), which has previously developed using the enhanced chemiluminescence (ECL) procedure (Amer-
been shown to inhibit TGF-o-induced proliferation of the four MBr-5 epitie- sham).
lial cell lines (R & D. product insert) or control monoclonal antibody MOPC21
(Sigma, St. Louis. MON and incubated for 24-48 h. then harvested for CAT CAT Assay to Measure AP-1 Activity
assay. AP- I transcriptional activating activity in cells was measured using a CAT

assay as described previously (27). The cells were transfected using calciumphosphate-mediated or Lipofectamine (Life Technologies, Inc./BRL)-medi-HMEC were transfected either by calcium-phosphate precipitation proce- ated transfection with a reporter gene containing the CAT gene linked to a

dure or by Lipofectalnine (Life Technologies. Inc.). Using Lipofectamine, cells promoter that contains in AP-I binding site (TGAG/CTCA). The level of
plated overmight in regular media were washed twice with PBS, and 4 nil of expression of this AP-l-dependent CAT reporter gene is defined as AP-I
OPTI-MEM (Life Technologies, Inc.) were added. DNA arid Lipofectaminie transacctivating activity. The CAT reporter DNA was cotransfected with 5 jig
reagent ( 1:4 ratio) were incubated for 30 rain at room temperature, added to the of CMV-Gal DNA (Clontech, Palo Alto. CA). The cells were harvested and
cells, and incubated for 6 h. The cells were washed twice with PBS. alnd lysed, and transfection efficiency was determined by measuring --galactosid-
changed to regularn media or serum starved. For stable transfections, cells were ase ictivity il cell lysates. After normalizing for transfection efficiency, CAT
cotransfected with either pCOc-erhB2A (from T. Yamamoto, Uniiversily of activity was measured using TLC and quantitated using a Phosphorlmager
Tokyo. Tokyo. Japan) or T-24 activated c-Ha-ras (from R. Weinberg. White- (Molecular Dynamics). The various CAT reporter plasmids (from Dr. M.
head Institute. Cambridge. MA) and pSV2neo. Two days after transfection, the Karin) used were: -73/+63 CoICAT, which contains a portion of the human
cells were harvested and grown ill G418-containing media (Geneticin: Life collagenase gene promoter with a single AP-I site: -60/+63 CoICAT. con-
Technologies. Inc .: 150 ig G418/nl) fir selection oif neoiycin-resistt ltaining a portion of the human collagenase gene promoter without the AP-I
colonies. G418-resistant colonies were picked after 2-4 weeks, site (negative control): IX TRECAT. containing a single copy of a synthetic

AP-I site: 5X TRECAT, containing five copies of synthetic AP-I site: and
RNA Analysis AtkCAT. containing the thymidine kinase promoter without AP-I site.

EGF Receptor QuantitationRNA was harvested from continuously growing cells, cells grown in min-
imal media, or cells harvested at different time points after addition of EGF, by Cells were plated in 24-well plates and grown until confluent. The medium
lysis with guanidinium isothiocyanate. and purification by centrifugation was aspirated, and cells were repeatedly washed with HITES media (no serum:
through a cesium gradient. Teli jAg of total RNA were then separated using I % Life Technologies, Inc.). Varying concentrations of EGF and ' 251-labeled EGF
agarose/formaldehyde gel electrophoresis and transferred onto Zetaprobe ny- (DuPont NEN. Boston. MA) were added sequentially and incubated at 37°C
Ion membranes (Bio-Rad. Richmond. CA). The blots were then hybridized for 30 rmin. Excess EGF was washed off. arid bound 1251 was counted using anwith 32-P-labeled c-jun or c-jo.s DNA probes, washed with high strinlgency LKB ganinia counter. EGF receptor levels were calculated using Scatchard
(0. 1 X SSC. 0.1%r SDS. and exposed to autoradiography. plot analysis.
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RESULTS Normal Immortal Tumorigenic

Human Mammary Epithelial Cells. To determine the relative F II
expression and activity of the AP-1 complex in normal, immortal, and 0
malignantly transformed HMECs in vitro, we studied a series of cells F _ --
at different stages of transformation. The following cell lines were O 0 0 -

used: normal HMEC strains (184 and NHMEC); immortal HMEC W C O
lines (184A1, 184B5, and MCF1OA); oncogene-transformed HMECs It It L" L" , 0 0

M 00 00 00

(MCF1OAneoT, MCF1OAc-Ha-ras3, and 184B5c-erbB2A9); and Z ,- ,-
breast cancer cell lines (MCF7 WT MCF7 Adria and SKBr-3; Table
1). This panel of cells includes two independently isolated samples of cn . -[-
normal mammary epithelial cells (NHMECs and 184 cells) derived C(•fl
from reduction mammoplasty tissue. The 184 cells have been shown
previously to have a normal karyotype and to express markers typical c-fo
of normal breast epithelial cells in vivo, including the luminal markers
cytokeratin 18 and polymorphic epithelial mucins (28-30). These
normal HMECs have a finite life span and do not display anchorage- 28S -

independent growth properties.
We also studied three immortal HMEC lines, 184A1, 184B5, and

MCF1OA. The 184A1 and 184B5 cells were isolated after exposing Fig. 1. c-jun and c-fos RNA expression in normal, immortal, and tumorigenic HMECs.
Total RNA was harvested from continuously growing cells, and levels of c-jun and c-fos

the normal parental 184 cells to the carcinogen benzo(a)pyrene (28). mRNA expression were analyzed by Northern blot hybridization using 
32

P-labeled cDNA

The MCF1OA cell line is an independently isolated immortal line that probes. The relative amount of RNA loaded in each lane is shown by ethidium bromide

arose spontaneously after isolating mammary epithelial cells from an staining of rRNA (28S).

individual with fibrocystic breast disease (31, 32). These cells have
specific karyotypic abnormalities and grow indefinitely in culture. WT had the lowest and MCF7 Adria had the highest AP-1 activity in
However, they do not show characteristics of fully transformed ma- breast cancer cells (as defined by both AP-1 DNA-binding activity
lignant breast cells, because they retain growth factor dependence, do and by AP-I transactivation activity; Ref. 27). The previous study also
not display anchorage-independent growth, and do not form tumors in showed variable levels of AP-1 activity, independent of estrogen
nude mice (28, 31). receptor level (27). Both the MCF7 WT and MCF7 Adria cell lines

The 184B5 and MCF1OA immortal cell lines have been trans- show anchorage-independent growth and form tumors in nude mice
formed with oncogenes to produce cells that will display anchorage- with estrogen supplement.
independent growth and tumorigenicity in nude mice. The AP-1 Expression and Activity in HMECs. To study the AP-1
MCFlOAneoT and the MCFlOAc-Ha-ras3 cell lines are two inde- activity in HMECs, we measured the expression of c-jun and c-fos at
pendently transformed MCF1OA clones that were produced by trans- the RNA, protein, and functional level in exponentially growing cells.
fecting the MCF1OA cell line with the c-Ha-ras oncogene (33). These The basal level of mRNA expression of c-jun and c-fos was deter-
cell lines show vigorous anchorage-independent growth, and the mined by Northern blot analysis of RNA samples from normal,
MCF10AneoT line (but not the MCF1OAc-Ha-ras3 line) has been immortal, oncogene-transformed HMECs, and breast cancer cell lines
shown to be tumorigenic in mice (33). We have also transformed the that were collected during exponential growth. Although these cells
184B5 cell line by stably transfecting activated c-erbB2. The resulting grow in different media, the normal, immortal, and oncogene-trans-
transformed clonogenic cell line, 184B5c-erbB2A9, displays anchor- formed HMECs had similar growth rates under these conditions. The
age-independent growth but does not form tumors in nude mice (data blot was hybridized to c-jun and c-fos probes, and the results are
not shown). shown in Fig. 1. As observed, the cells studied express varying levels

We also compared the AP-1 activity of these HMECs with two of c-jun. Normal HMECs have the highest c-jun expression, even
breast cancer cell lines, wild-type MCF7 (Cowan strain; MCF7 WT) higher than MCF7 Adria, which had been found to have the highest
and an Adriamycin-resistant subclone of MCF7 WT, MCF7 Adria. expression of c-jun of all cancer cells in a previous study (27). All
We chose to use these two MCF7 cell lines to compare with normal normal and immortal HMECs express c-fos RNA, whereas in most
cells, because in a previous study of AP-1 activity in multiple human cancer cell lines (27) and in MCF1OAneoT and MCF7 Adria, c-fos
breast cancer cell lines, we found that of all cell lines studied, MCF7 RNA is undetected by Northern analysis. The very high level of c-fos

RNA expressed in continuously growing normal cells is striking

Table I Cells and cell lines used in this study because c-fos expression is typically an immediate-early and transient

Cells Source Phenotype response to growth factor stimulation and is often not detected by
Northern analysis in exponentially growing cancer cells.Normal HMECs

NHMEC Clonetics Senescent, anchorage-dependent We next determined if c-jun and c-fos RNA expression correlates
184 M. Stampfer with the basal protein expression in exponentially growing breast

Immortalized HMECs cells. For these experiments, the cells were harvested 48 h after being
184AI M. Stampfer Immortal, anchorage-dependent18415 M. Stampfer plated in fresh media. Western analyses of nuclear extracts from these

MCF1OA J. Russo cells using antibodies specific for c-Jun and c-Fos (Fig. 2A) demon-
Oncogene-transformed HMECs strated that the basal levels of proteins in these cells correlate with184B5c-erbB2A9 P. Brown Anchorage-independent, nontumnorigenic

MCF1Oc-Ha-ras3 P. Brown Anchorage-independent, nontumorigenic RNA expression. All of the cells express c-Jun protein at varying
MCF1OAneoT J. Russo Anchorage-independent, tumorigenic levels. c-Fos is highly expressed in all normal and immortal HMECs;

Breast cancer cell lines
MCF7WT K. Cowan Anchorage-independent, tumorigenic however, only one of three tumorigenic cell lines express detectable
MCF7Adria K. Cowan Anchorage-independent, tumorigenic amounts of c-Fos protein during exponential growth. In general, the
SKBr-3 ATTC Anchorage-independent, tumorigenic high level of c-Fos RNA present in the normal and immortal HMECs
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A. cJun and cFos Protein Expression correlates with a high level of c-Fos protein in these cells: however the
NHMEC, had higher c-Fos RNA expression than did the normal 184

Norl Imm l cells, whereas the Western analysis shows they have similar high

F c-Fos protein expression. Such differences in RNA expression without
0
® .= major differences in c-Fos protein expression may represent differ-

U - 0 ences in the translation or half-life of c-Fos in the two normal cells.
M U. . LL LL ,,We then determined the functional AP-1 DNA-binding activity in

Co the different HMECs using the electrophoretic mobility shift assay. To
Jun measure AP-I DNA-binding activity, equal amounts of nuclear pro-

tein from exponentially growing cells were incubated with radioac-

F tively labeled AP-I oligonucleotides. The results are shown in Fig.2B. Normal and immortal HMECs have high basal AP-1 DNA-

B. AP-l DNA Binding Activity binding activity, whereas the oncogene-transformed cell line.
MCFIOAneoT, and the breast cancer cell line MCF7 WT have lower

) E AP-l DNA-binding activity. The normal HMECs have even more
C,, + AP-I DNA-binding activity than MCF7 Adria cells (data not shown),

,w U, -- - which have been shown previously to express very high AP-1 DNA-
-0 binding activity compared to other breast cancer cell lines (271).

To test whether the expressed AP-1 proteins can activate transcrip-
tion, we performed CAT assays to measure AP-l-dependent transac-

API Bound to tivating activity. Using the -73CoICAT reporter. which has a portion
Oligonucleotide of the collagenase promoter containing an AP-I site linked to the

thymidine kinase promoter, we determined the basal AP-1 transacti-
Nonspecific I

Band E vating activities in the panel of HMECs. The results were controlled
for differences in transfection efficiencies between the cell lines by
cotransfecting a PGal expression vector and normalizing for ,Gal
activity. The results of these studies are shown in Fig. 2C and
demonstrate that proliferating normal, immortal, and malignantly
transformed HMECs differ in the level of AP-1 activity. There is a
progressive decrease in AP-I transactivating activity, with the normal
HMECs having the highest basal AP-l transactivatino activity. im-

Frleet mortal cells having less, and malignantly transformed cells having the
O o ei lowest AP-I activity. These data correlate with the AP-l DNA-

binding data shown in Fig. 2B. However, the immortal cells show high
C. AP- 1 Transactivating Activity DNA-binding activity, whereas their AP- I transactivity activity is less

250 than that in normal HMECs. Such results suggest that the immortal
cells express Jun and Fos DNA-binding proteins that do not activate

t 200 - Ctranscription.
> -73 CoICAT Induction of AP-I Expression and Activity by EGF. To comparet-- gr0 -60 CoICAT--

o the ability of normal, immortal, and oncogene-transformed HMECs<• 150
< 10 and breast cancer cell lines to activate AP-I in response to exogenous
< growth factor stimulation, we measured EGF-induced c-jun and c-fos
w 100 - expression and AP- I activity in the different breast cells. The presence

- of EGF receptors in these cells was first verified and quantitated by
S50 receptor binding assay using Scatchard analysis. As shown in Table 2,
c EGF receptor levels vary from 2.3 X 104 (MCFIOAneoT) to I X 106

0" CW 0 Table 2 Quantitation of EGF receptor in normal, immnortal. and tumorigenic HMECs

"C"" 0• 0.•,0 y Multipoint receptor binding assyo using '
25

1-labeled EGF was performed as described
A• •. in "Materials and Methods."

0A No. of EGF receptor

molecules/cell
Fig. 2. AP- I expression and activity in HMECs. A. c-Jun and c-Fos protein expression Cells/Cell line (I 10-5)

by Western blot analysis. Equal amounts of nuclear extracts from continuously growing
cells were electrophoresed on 12'/ Tris-glycine gel and blotted onto nitrocellulose Normal
membrane. For detection of c-Jun and c-Fos proteins. polyclonal anti-c-Jun Ab (Ab- I t and NHMIEC 2.70

anti-c-Fos Ab (SC-52t were used. respectively, and stained with the ECL detection kit, B, 184 0.75
AP- I DNA-binding activity in normal. immortal, and tumorigenic HMECs. l)NA-binding Immortalized
activity was determined using a gel shift assay as described in -Materials antd Methtos." 184AI 2.00

Continuously growing cells were harvested and used for nuclear extract preparation. 194B5 2.10
Relative DNA-binding activity was quantitated using a Phosphorltnager, Inh., inhibitor MCFIOA 10.00
(an unlabeled AP-I oligonucleotide). C. Al'-] transactivating activity in normal. itteor- Oncogene-transformed
talized. and lumorigenic HMECs. AP-I activity is defined its the difference between 184B15c-erh'3B2 3.00

transactivation of the -73 CoICAT reporter gene (which contains a single AP-l respon- MCFtOAncoT 0.23
sive site) and transactivation of the -60 CoICAT reporter gene (in wvtich the AP-I Cancer cell lines

responsive site is deletedl. CAT activity was measured as described in "Materials and MCF7 WT 0.95

Methods.- MCF7 Adria 0.96
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Hours binding in normal and immortal HMECs. To measure EGF-induced
1 I AP-1 DNA-binding activity, we prepared nuclear extracts from nor-

0ra 02 0.mal, immortal, and oncogene-transformed HMECs and breast cancer
Normal 1 .eIun cell lines that were stimulated by the addition of EGF for increasing

NHMEC _efos times. Fig. 4 shows the results of these DNA-binding experiments and
• 5demonstrates that there is only a minimal decrease in AP-1 DNA-

binding activity in the normal and immortal cells grown in media

]c-iun without growth factor supplementation. In addition, there was mini-184 " , mal induction of AP- 1 DNA-binding activity after EGF stimulation in
.- e-fos these nonmalignant cells. These results are in contrast to the strong

induction of AP-1 activity in the tumorigenic MCF7 WT. Densito-
metric analyses of the retarded bands for specific AP-1 binding

Immortal 8 .c-ju showed a maximum 6-fold increase over the 0 time point for MCF7
184A1 WT and a 2-fold increase for MCF1OAneoT, whereas normal and

-c-fos immortal HMECs only had a 1.4-fold increase over the 0 time point.
Western blot analysis showed that c-Jun and c-Fos proteins were

1 5 ]c present in the nuclear extracts, even after 24 h in minimal media
184B5 P(without growth factor supplementation), which may account for the

-e-fos high AP-1 DNA-binding activity observed in these cells (data not
shown). It is also likely that autocrine growth factors are secreted by

MCF10A ;]c-un the HMECs under minimal media conditions, which induce high AP-1

-c-fos Hours

0 0.5 1 2 4 CG CG+

Oncogene 
Inh.

Transformed 1 c-jun184B5- -iNHMEC

c-erbB2 -c-fos

•i ~c-jun18
MCF1OAneoT 184 _

-c-fos

Cancer
Cell Line Immortal

MCF7 WT , ] 184A1
-c-fos

MCF7 Adria - ]cjUn

C-fos 184135

Fig, 3. Effect of EGF on c-jun and c-fos RNA expression in HMECs. The induction of
c-jun and c-fos RNA by EGF was determined by Northern blot analysis using RNA
isolated from HMECs grown in minimal media for 15 h, followed by treatment with EGF MCF10A
(10 ng/ml) for varying times. Similar amounts of RNA were loaded in each lane, as shown

by ethidium bromide staining (data not shown). CG, continuously growing cells.

Oncogene
(MCF1OA) EGFR molecules/cell, with the tumorigenic cell lines Transformed 1r84B5-.
having fewer receptors compared to immortal cells. Normal HMECs ....
range from 7.5 X 10

4 to 2.7 X 105 EGF receptors/cell. These results
are comparable to previous studies of EGFR levels in HMECs (34, MCF1OAneoT
35). -

We next measured the c-jun and c-fos RNA expression and AP-1
activity in EGF-supplemented HMECs and breast cancer cell lines. Cancer
Fig. 3 shows the results of Northern blot analysis of these EGF- Cell Line MCF7 WT i
supplemented cells. This figure demonstrates that EGF supplementa- -0 Is
tion causes rapid and transient induction of both c-jun and c-fos RNA
in all of the cells studied. These results also show that all of the Fig. 4. Effect of EGF on AP-1 DNA-binding activity in HMECs. EGF-induced AP-1
HMECs can increase c-fos and c-jun expression in response to EGF at DNA-binding activity was measured in HMECs grown in minimal media for 15 h,

the transcriptional level, followed by treatment with EGF (10 ng/ml) for varying times. The cells were then
harvested, and DNA-binding assay was performed as described in "Materials and Meth-Although EGF induces c-jun and c-fos mRNA expression in all of ods." Relative DNA-binding activity was quantitated using a Phosphorlmager/densitom-

the breast cells, the addition of EGF failed to increase AP-1 DNA eter. CG, continuously growing cells; Inh., inhibitor (an unlabeled AP-1 oligonucleotide).
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6 expression were not decreased in 184B5 cells by EGF withdrawal or

NH71EC 184A 1 N14 F-i MCF7WT EGF receptor blockade using a blocking antibody. except for a tran-

184 5] MCF1OAneoT sient decrease in c-fos RNA expression at 24 h. The results presented
. 4 here suggest that growth factors other than TGF-cs may be responsible

for the high AP-I activity observed in immortal HMECs.
•3- Effects of Transfection of Activated Oncogenes on AP-I Activ-
2 =ity of HMECs. In other cell types, overexpression of oncogenes such

as jun, ras, or net induces increased activation of AP- 1 (38 -41). To
I determine whether overexpression of such oncogenes can increase

AP-I activity in HMECs, we transiently transfected activated onco-
0 8 24 0 8 24 0 8 24 0 8 24 0 8 24 0 8 24 0 8 24 genes in immortal HMECs and measured AP-I activity in these

transfected cells. As shown in Fig. 7A, transient transfection of c-jun
Time After EGF Addition and activated c-erbB2 and c-Ha-ra; did not significantly increase

(hours) AP- I transactivating activity in immortal HMECs, even with the use

Fig, 5. Effect of EGF on AP- I transactivating activity in ItMI'Cs. EGF-induced AP- I
transactivating activity was measured in HMECs grown in minimal ntedia for 15 h,

followed by treatment with EGF(10ngllandlharvested at 0.8.and 24 h. CATactivity copies of the AP- I site). Transfection with activated c-erbB2 reduced
was measured as described in "Materials and Methods." Relative AP- I activity is shown the basal AP-1 transactivating activity in these cells. This suggests
as mnean fold increase of CAT activity over 0 time for each cell line studied. Bars. SD. ca

that overexpression of the activated oncogenes c-erbB2 and c-Ha-ras

does not significantly increase the already high AP-I activity present
activity. HMECs have previously been shown to have such autocrine in HMECs.
loops involving the EGF receptor (34-36). Transient transfection of c-jun or activated c-Ha-ras in MCF7 WT

AP-1 transactivating activity in normal and immortal HMECs was cells induced a 2-fold increase in AP-I transactivating activity,
also not increased by EGF, as shown in Fig. 5. In these experiments, whereas transient transfection of c-jtn increased AP-M activity by
the cells were grown in minimal media and then stimulated with EGF 7-fold in another breast cancer cell line. SKBr-3 (Fig. 7B). SKBr-3 has
(10 ng/ml) for increasing times. AP-1 activity is shown relative to the been shown to have an intermediate level of AP-I activity compared
AP-1 activity in each cell line without EGF supplement (0 time), to MCF7 WT and MCF7 Adria (27). Transient transfection of acti-
These results show that under these conditions, there was no signif- vated c-erbB2 did not change the AP-1 transactivating activity in
icant induction of AP-I activity by EGF in normal and immortal cells either of the cancer cell lines. These results show that AP-1 transac-
compared to the 4-fold induction over 0 time observed in the malig- tivating activity can be induced by overexpression of c-jun in breast
nantly transformed lines MCFIOAneoT and MCF7 WT. cancer cell lines but not in immortal HMECs.

These results from Figs. 4 and 5 suggest that the relatively high To further study the effects of activated oncogenes on HMECs, we
levels of c-Jun and c-Fos expression. AP-I DNA-binding. and trans- also determined AP-I activity in HMECs (184B5 and MCFIOA) that
activating activities are not reduced in HMECs cultured in media had been stably transformed with activated c-erhB2 and c-Ha-ras.
without growth factor supplementation and also that exogenous Expression of the activated form of either c-erbB2 or c-Ha-ras in the
growth factor stimulation of normal HMECs does not increase the stable clones was confirmed by Western immunoblotting (c-erhB2) or
already high AP-1 activity present in these cells. by reverse transcription-PCR assay (c-Ha-ras; data not shown). The

Inhibition of AP-1 Activity in Immortal HMECs. Because nor- stable transfectants showed anchorage-independent growth by soft
mal HMECs have been shown to produce endogenous TGF-a (34- agar cloning: however, they are not fully malignant because they do
36), it is possible that the AP-I complex is constantly being activated not form tumors in nude mice (data not shown), except
by an autocrine growth factor loop in the absence of exogenous MCFIOAneoT, which has been shown previously to be tumorigenic in
growth factors. Such autocrine stimulation could account for the high irradiated nude mice (33). We measured the AP-I transactivating
AP-] DNA-binding and transactivating activities observed in normal activity in these oncogene-transformed cells and in the parental cells
and immortal HMECs, even when they are deprived of exogenous and found that the AP-1 transactivating activities in oncogene-trans-
growth factors. We. therefore, attempted to lower the endogenous fected cells are the same (c-Ha-ras 3) or may even be lower (c-
AP-I activity by blocking such autocrine growth factor loops. To erbB2A9 and MCFIOAneoT) than the parental cells (Fig. 8). Thus, in
address this issue, we first used a nonspecific growth factor antago-
nist, suramin, to block the basal AP-I transactivating activity in
immortal cells grown without growth factor supplements (Fig. 6).
Suramin has been shown to stimulate human breast cancer cell growth 0-73cOICAT

at low concentrations and inhibit growth at high concentrations (37).
This suramin-induced inhibition of cell proliferation can be abolished
by the addition of IGF-I, basic fibroblast growth factor, or even
estrogen, confirming its nonspecific action (37). As shown in Fig. 6,
AP-I transactivating activity of 184B5 cells was decreased in the t 0.5

presence of suramin (I mg/ml) relative to minimal media after 24-72
h. Suramin also inhibits the growth of these HMECs (data not shown).
184B5 has been shown to secrete lower levels of TGF-rn compared to 0.0

the parental 184 cells (2). When neutralizing antibodies specific for 24 hr 48 hr 72 hr CG

TGF-a were added to 184B5 cells, AP-I transactivating activity was Suramin - + - + - + - - -

not inhibited, even after 48 h (data not shown), indicating that the Fig. 6. AP-l transactivatinrg activity in 184B5 immortal cells treated with stramin.

increased AP-I activity is not caused solely by autocrine stimulation 184B5 cells were cotransfected with AP-I reporter plasmid (-73CotCAT) and CMV-
PGal, grown in tinintal mtedia for different time points with or without suramin (I

by TGF-a via the EGF receptor. Such results are consistent with the mg/mI), and harvested for CAT assay. Relative AP-I transactivating activity is based on

studies reported by Stampfer et al. (36) in which c-jon and c-fios RNA 24-h serutn deprivation without surattin. Bars. SD.
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A to cancer cells, we compared AP-1 expression and activity in two

2.0 independently isolated normal (nonimmortalized, nontumorigenic)
HMECs (NHMEC and 184), three immortal, nontumorigenic cell

[-73CoICAT ]IXTRECATI XTRECAT lines (184A1, 184B5, and MCF1OA), oncogene-transformed cell lines
(MCF1OAneoT and 184B5c-erbB2A9), and two human breast ade-

1.5' nocarcinoma cell lines derived from MCF7 cells (MCF7 WT and

MCF7 Adria). On the basis of the present results, we conclude that
proliferating HMECs at different stages in the carcinogenesis pathway

1.0. display a progressive decrease in AP-1 activity, with normal mam-
"mary epithelial cells having the highest AP-1 transactivating activity,
immortal cells having intermediate AP-1 activity, and cancer cells

o.s- having the lowest AP-1 activity. In addition, normal and immortal
HMECs do not increase their already high AP-1 DNA-binding and
transactivating activities in response to addition of EGF, whereas

0.0- cancer cells show an increase in AP-1 activity after EGF stimulation.
Oncogene overexpression, which caused malignant transformation

Transfected DNA (ig): of the HMECs, did not increase the AP- 1 activity in immortal HMECs
AP-1 reporter 20 • - 20 • - 20 b - and, in some cases, decreased AP-1 transactivating activity. Trans-

negative control - - - - 20 - - - 20 - 20 fection of activated forms of c-erbB2 or c-Ha-ras has been shown to
CMV vector 10 - - - -10 - 10 - - - activate AP-1 transcriptional activation in other cells, such as rodent

c-jun - 10.......................

c-erbB2 - - 10 - - - - 10 - - 10 - - fibroblasts. Results from this study suggest that, in HMECs, activated
c-Ha-ras - - - 10 - - - - 10 10 - c-erbB2 and c-Ha-ras may instead be activating other transcription

factors that are inhibitory to AP-1 transactivating activity (such as
B JunB or Fra-1; Refs. 14, 15, and 42).

9 These studies demonstrate that immortal and malignantly trans-
"8 formed HMECs differ in their ability to modulate AP-1 activity in

S KMCF7WT response to exogenous growth factor and oncogene overexpression.
7- These stimuli, which typically would increase AP-1 activity in fibro-

• ; 6- blasts (12, 40, 41), do not change the chronically high AP-1 activity
in immortal HMECs.

5, The progressive decline in AP-1 transactivating activity as HMECs
11 4. become transformed is in contrast to the changes in AP-1 seen in

3 studies of keratinocyte transformation. In previous studies, Dong et al.
2 -(43) demonstrated that AP- 1 activity in keratinocytes increases as they

are transformed by TPA or EGF stimulation, and that blockade of
1 AP-1 prevents transformation. In another study of skin carcinogene-

0 sis, Domann et al. (44) observed a similar increase in AP-1 activity

Transfected DNA (gg): when mouse epidermal cells were transformed by X-irradiation. The
results from these studies in keratinocytes and the present studies in

-73CoICAT 20 - 10 20 D - human breast cells point out that common transcription factors such as

-60CoICAT - - - - - - - - 20 AP-1 can be activated by different signaling pathways in different

CMV vector 10 - - - 10 10 - - - 10 cells. Such results stress the importance of studying transformation in
c-jun - 10 - - - - 10 - - - appropriate tissue-specific models because transformation likely oc-

c-erbB2 - - 10 - - - - 10 - - curs via distinct molecular pathways in different cell types.
c-Ha-ras - - - 10 - - - - 10 -

Fig. 7. A, AP-l transactivating activity in 184B5 immortal cells transiently transfected
with transforming oncogenes. 184B5 cells were transiently cotransfected with different
AP-1 reporter plasmids [-73CoICAT, l X TRE (containing a single copy of synthetic 1.4-
AP-1 site), and 5X TRE (containing five copies of synthetic AP-I site)] or their
corresponding negative control CAT reporter plasmid plus CMV vector, c-jun, activated -- I.
c-erbB2 or c-Ha-ras, and CMV-/3Gal. Cells were harvested after 48 h, and CAT activity 1.2-
was measured as described in "Materials and Methods." Relative AP-1 activity is shown .
based on CMV vector-transfected as control. Bars, SD. B, AP-1 transactivating activity in t 1.0-
human breast cancer cell lines transiently transfected with transforming oncogenes.
SKBr-3 and MCF7 WT cells were transiently cotransfected with c-jun, activated c-erbB2 o.-
or c-Ha-ras, -73ColCAT reporter plasmid, and CMV-3Gal. Cells were harvested after
48 h, and CAT activity was measured as described in "Materials and Methods." Relative 0!--
AP-1 activity is shown based on CMV vector-transfected as control. Bars, SD.

0.4"

HMECs that were transiently and stably transfected with oncogenes,
AP-1 transactivating activity is not increased from the high levels in 0.2
the parental, immortal cells.

0.0"

parental c-erbB2A9 parental e-Ha-ras3 neoTDISCUSSION
Fig. 8. AP-I transactivating activity in oncogene-transformed stable clones. Continu-

ously growing cells were cotransfected with -73 CoICAT reporter plasmid and CMV-
To determine whether changes in AP-1 transcription factor activity I3Gal. CAT activity was measured, and AP-I activity is shown relative to parental cells.

occur as HMECs as progress from normal cells with finite life spans Bars, SD.
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Some possible explanations for the observed difference in the levels lower AP-I activity present in tumor cell lines that have relatively
of AP-1 in normal and malignant HMECs include the following: high AP-1 DNA-binding activity (such as MCF7Adria or MDA

(a) Normal cells secrete autocrine growth factors that increase their MB231 cells [see Chen et al. (27)] could be due to the presence of
basal AP-I activity. The chronically high AP-1 transactivating activity inhibitory proteins that dimerize with AP-I. Such inhibitory proteins
in normal and immortal HMECs may be due to autocrine stimulation that can dimerize with Jun or Fos proteins include other Jun and Fos
by growth factors as reported by other studies (35, 36). Malignantly family members [Jun D (18). AFosB (17), and Fral or Fra2 (42)] as
transformed HMECs such as MCFIOAneoT have lost this autocrine well as other Jun and Fos dimerizing partners such as cMaf (50). or
loop (33) and. therefore, are not continuously stimulated by endoge- the small Maf proteins that lack the Maf transactivation domain
nous growth factors. The 184B5 cells, which do not use the TGF-a (MafK, MafF, and MafG; Ref. 51).
autocrine loop. may be using other growth factors that activate AP- I. Although the present report characterizes the differences in expres-
In our study, the use of suramin. a nonspecific growth factor antag- sion and activity of AP-1 transcription factor complex in HMECs in
onist, effectively inhibited the high AP-I transactivating activity in vitro, it is possible that AP-1 expression and activity in HMECs in
immortal HMECs grown without growth factor supplements. This vivo is different from that seen in vitro. For the present experiments,
finding suggests that autocrine growth factors, possibly other than proliferating normal HMECs were used. Because these cells have a
TGF-a. are chronically activating signal transduction pathways lead- finite life span and retain many of the characteristics of normal breast
ing to higher AP-1 activation. epithelial cells, we consider them to be the best example of normal

(b) Normal and immortal HMECs may be more sensitive than breast epithelial cells presently available. However, normal, nonpro-
breast cancer cells to decreases in the level of AP-l expression and liferating breast cells in vivo may not show such high AP-I activity.
activity. Normal and immortal HMECs may require a higher level of To determine the expression and activity of Jun and Fos proteins in
AP-I activity than cancer cells to maintain growth and proliferation. vivo, it will be necessary to study their expression and functional
Such a requirement may render nonmalignant HMECs more sensitive activity in normal and malignant breast tissue specimens.
to fluctuations of the level of AP- I activity. The possible requirement The modulation of AP- I activity that occurs during transformation
of immortal HMECs for high AP-I activity to maintain their growth of HMECs, as reflected by the difference in AP-I transactivating
is supported by preliminary results from our laboratory that suggest activity, may also be occurring in other signal transduction pathways
that immortal HMECs are more sensitive to the growth-inhibitory present in these cells. By using these HMECs as a model for carci-
effects of a c-jun dominant-negative mutant than are breast cancer nogenesis, we may be able to understand the signal transduction
cells. pathways and transcription factors involved in the transformation

(c) Breast cancer cells may use other signal transduction pathways. process of breast epithelial cells. The characterization of these critical
As normal cells acquire the genetic changes that lead to transforma- signal transduction pathways may lead to the identification of novel
tion, they may become less dependent on AP-l-mediated signal trans- targets for the treatment or chetmoprevention of breast cancer.
duction pathways for continued growth. This may be reflected in the
lower AP-1 expression and activity observed in oncogene-trans- ACKNOWLEDGMENTS
formed and tumorigenic breast epithelial cells. Nonmalignant HMECs
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Abstract

AP-1 transcription factors play a critical role in signal transduction pathways in many cells. We

have investigated the role of AP-1 in controlling proliferative signals in breast cells, and have

previously shown that AP-1 complexes are activated by peptide and steroid growth factors in

both normal and malignant breast cells. In this study, we investigated the role of AP-1 in

transducing proliferative signals induced by peptide and steroid growth factors. We used MCF-7

clones that express a specific inhibitor of AP-1, a dominant-negative cJun mutant (TAM67),

under the control of an inducible promoter to investigate the role of AP-1 in regulating breast

cancer growth. In the presence of doxycyline (Dox), the AP-1 inhibitor was not expressed, and

the MCF-7 clones proliferated normally in response to serum stimulation. However, when Dox

was withdrawn, TAM67 was expressed, AP-1 activity was inhibited, and serum-induced

proliferation was blocked. We next investigated whether the mitogenic response to specific

growth factors also requires AP-1. MCF-7 Tet-Off-TAM67 cells were grown in the presence of

increasing concentrations of IGF-1, EGF, heregulin-P3, bFGF, or estrogen under un-induced and

induced conditions. These studies showed that the AP-1 inhibitor completely blocked

proliferation in response to the peptide growth factors (IGF-1, EGF, heregulin-f3, and bFGF), and

partially blocked the response to estrogen. To investigate the effect of AP-1 blockade on in vivo

tumor growth, we injected the MCF-7 Tet-Off TAM67 cells into nude mice receiving

doxycycline to suppress the expression of the AP-1 inhibitor. After the mice developed tumors,

they were randomized to either continue to receive Dox or not. In mice not receiving Dox, the

expression of TAM67 was induced, and tumor growth was inhibited, while the tumors in mice

receiving Dox continued to grow. Analysis of the tumors from these mice showed that the
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expression of TAM67 caused reduced proliferation of the breast cancer cells without inducing

apoptosis. These results demonstrate that AP-1 blockade supresses mitogeniid signals from

multiple different peptide growth factors as well as estrogen, and inhibits the growth of MCF-7

breast cancer cells both in vitro and in vivo. These results suggest that novel agents specifically

targeting AP-1 or its activating kinases could be promising agents for the treatment of breast

cancer.
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Introduction:

Breast cancer is one of the most common malignancies in women, and is the leading

cause of death for women between the ages of 40 and 55 in the United States (1,2). During the last

two decades, breast cancer has been intensively studied, and recently new treatments for this disease

have emerged. Drugs that inhibit the ability of estrogen to activate the estrogen receptor (e.g.,

tamoxifen) are used to prevent and treat breast cancer. Drugs that block growth factor receptors,

such as antibodies specific for the epidermal growth factor receptor, or for ErbB2 (Her2/neu), have

previously been shown to inhibit breast cancer cell proliferation (2-4) and are now being used to

treat breast cancer patients. These drugs target specific molecules, which are expressed by only a

sub-set of breast cancers. Many of these drugs inhibit individual signal transduction pathways, and

may ultimately be ineffective, since several different signal transduction pathways can stimulate

breast cell proliferation. It may be more effective to inhibit signal transduction at a more distal point

in the cascade, where many mitogenic signals converge. Since transcription factors, the nuclear

proteins that control DNA transcription and gene expression, are the most distal components of these

converging mitogenic signal transduction pathways, they could be good targets for new therapeutic-

agents.

In this study we investigated whether inhibition of the AP-1 transcription factors

suppresses breast cancer growth. The AP-1 family is a key family of transcription factors

transducing multiple signals, including mitogenic and stress induced signals. These transcription

factors are complexes of DNA-binding proteins made up of homodimers of Jun family members or

heterodimers of Jun and Fos family members. AP-1 functions by regulating AP-1-dependent

downstream genes, or by interacting with transcriptional co-activators or integrators, such as Jab-i,
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CBP or p300 (5,6). AP-1 transcription factors are expressed in most cell types, and are activated by

specific kinases, which are themselves activated by diverse signals such as growth factor

stimulation, exposure to UV light, oxidative stress, tumor promoters, or oncogene overexpression or

activation (7).

In fibroblasts, AP-1 plays a critical role in cell proliferation. The expression of both c-

S jun and c-fos is rapidly increased in many cell types in response to mitogens such as serum or EGF

(7-9). Microinjection and knockout experiments have shown that .both Jun and Fos protein are

necessary for fibroblast growth. Bravo and coworkers showed that microinjection of Fos- or Jun

family member- specific antibodies blocks DNA synthesis and S phase entry in fibroblasts (10,11).

Other studies using c-jun null mutation mouse embryonic fibroblasts demonstrated that these cells

have reduced growth and lose the response to growth factor stimulation (12). These results suggest

AP-1 complex is necessary for the proliferation of these cells.

In breast cells, previous studies have suggested that growth factors and hormones, such as

IGF, EGF, estrogens and retinoids, can modulate AP-1 transcriptional activity (13-16). Other

studies demonstrate that ER and AP-1 interact to regulate the expression of certain estrogen- and/or

tamoxifen-regulated genes (17). Activation of AP-1 may also contribute to tumor cell invasive

capacity (18) and tamoxifen resistance (18-21). These previous studies provide indirect evidence to

suggest that the AP-1 transcription factor is an important regulator of breast cancer cell growth,

invasion, and resistance to anti-estrogens.

To directly investigate whether AP-1 controls breast cell growth, we have used a specific

inhibitor of AP-1, the dominant negative c-Jun mutant, TAM67, to block A-P-1 activity in breast

cancer cells. We have previously investigated the effect of AP-1 blockade on the growth of different

breast cells using TAM67 (22). Results from these studies demonstrated that TAM67 blocks AP-1
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activation in normal, immortal and malignant breast cells. In the present study we have explored the

role of AP-1 in controlling the in vitro and in vivo growth-of MCF-7 breast cancer-cells. For these

experiments, we used MCF-7 clones that express TAM67 under the control of an inducible

promoter. Using these clones, we demonstrated- that the expression of TAM67 inhibited AP-1

activity and inhibited MCF-7 cell growth in vitro. AP-l blockade also completely suppressed MCF-

S7 cell growth induced by these peptide growth factors, and partially inhibited growth in response to

* estrogen. Studies of MCF7 xenografts in nude mice demonstrated that AP-1 blockade also inhibited

the MCF-7 tumor growth in vivo. Investigation of the tumors from these mice showed that TAM67

caused decreased proliferation of the breast cancer cells without inducing apoptosis. Thus, AP-1

blockade inhibits the growth of MCF-7 breast cancer cells both in vitro and in vivo. These studies

also suggest that agents that block AP-1 activation could be promising agents for the prevention or

treatment of breast cancer.
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Materials and Methods

Cell Culture and Transfection

The generation of the MCF-7 Tet-Off TAM67 Clones #62, #67 and vector clones #1, #3

has been previously described (22). The cells were maintained in Improved MEM (high zinc option,

Life Technologies, Grand Island, New York) with 100 ýtg/ml of geniticin and 100 ýLg/ml of

hygromycin. The cells were transfected using Fugene 6 reagent (Roche, Indianapolis, Indiana)

according to manufacturer's recommendations.

Western Blot Analysis

Equal amounts of total cellular protein extract were electrophoresed on a 12% acrylamide

denaturing gel and transferred by electroblotting onto a nitrocellulose membrane (Bio-Rad,

Hercules, California). The primary antibody used was rabbit anti-cJun Ab-1 (Oncogene Science,

Cambridge, MA). Donkey anti-rabbit antibody (1:4,000, Amersham, Piscataway, New Jersey) was

used as secondary antibody. Blots were developed using the enhanced chemiluminescence (ECL)

procedure (Amersham, Piscataway, New Jersey).

Luciferase Assay to Measure AP-1 and ER activity

AP-1 transcriptional activity in cells was measured using the Dual-LuciferaseTM Reporter

Assay (Promega, Medison, Wisconsin) according to manufacturer's protocol. The cells were co-

transfected with the Col-Z-Luc reporter gene containing the luciferase gene linked to 1100 bp of the

human collagenase gene promoter which contains a single AP-1 binding site (TGAG/CTCA) and

pRL-TK, a Renilla construct for normalizing of transfection efficiency. To determine the AP-1

activity stimulated by growth factors, the cells were treated with EGF (100 ng/ml, Life

7



Technologies, Grand Island, New York), IGF-1 (100 ng/ml, GroPep, Australia), heregulin-j31 (10

ng/mnl, R&D System, Minneapolis, Minnesota), bFGF (10-ng/ml, Life Technologies, Grand Island,

New York), 17-13-estradiol (10-9M, Sigma, St. Louis, Missouri), or DMSO, respectively for 6 hours

before harvest. Transfected cells were lysed 36 hours after transfection and luciferase activity was

measured with equal amounts of cell extract using a microplate luminometer (Labsystems, Helsinki,

Finland) and normalized with the Renilla activity.

To measure estrogen receptor activity, the Vit-ERE-TK-Luc construct was employed

instead of Col-Z-Luc to perform the luciferase assay. The cells were starved of estrogen for at least

24 hours in phenol red-free medium with 5% charcoal-stripped serum, and then treated with 17-f3-

estradiol (109M) for 12 hours to stimulate the ERE activity before harvest.

Cell Growth Assays

Cell proliferation assay of stably transfected and Tet-Off cell lines

The CellTiter 9 6 TM AQueous Non-Radioactive Cell Proliferation Assay (MTS assay;

Promega, Madison, WI), performed according to manufacturer's protocol, was used to measure

breast cancer cell growth. Approximately 12,000 cells were seeded in wells a 24 well plate and

doxycycline or vehicle was added to block or induce the expression of TAM67 by MCF-7 Tet-Off

TAM67 cells. A solution containing a 20:1 ratio of MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxy-methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo-lium) and PMS (phenazine methosulfate)

was added to the cells for 2 hours at 370 C and absorption at 495 nm was determined. Each data

point was performed in quadruplet, and the results were reported as mean absorption +/- standard

error.
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Cell proliferation assay of breast cells treated with specific, growth factors

The MTS assay described above was used to measure MCF-7 breast cancer cell growth

after stimulation with specific growth factors, including EGF (0 to 100 ng/ml), IGF-1 (0 to

100ng/ml), heregulin-Pl (0 to 10 ng/ml), bFGF (0 to lOng/ml), or estradiol (0 to 109M),

respectively. The cells were cultured in medium with or without doxycycline for 4 days, and then

seeded in 24 well plates in full medium. The cells were allowed to attach overnight, and then

starved for 24 hours in 5 % charcoal-stripped or serum-free (with 10 mM Hepes; 1 jtg/ml transferrin;

1 ptg/ml fibronectin; 200 pM glutamine; lx trace element Biofluids Division, BSI, Rockville

Maryland), phenol red-free medium. The cells were then cultured at 370 C for 0 to 8 days with

different concentrations growth factors or estrogen. Cells were harvested every other day and the

MTS assay was done as described above to measure proliferation. Each data point was performed in

quadruplet, and the results were reported as mean absorption +/- standard error.

Nude Mouse Xenograft Experiments

96 athymic Balb/C nude mice (Harlan Teldad, Madison, Wisconsin) were randomized to

four groups. Estrogen pellets (Innovative Research of America, Sarasota, Florida) were injected into

all animals to stimulate the development and growth of tumors. The next day, mice from each group

were injected into the fat pad with approximately 5x10 6 cells/mouse of four different MCF-7 clones

(MCF-7 Tet-Off TAM67 clones #62, #67 and vector clones #1, #3), and fed with Doxycycline-

containing water (200 gg/ml). After tumors developed and reached the size of 100 mm3 , the mice

were randomized to receive doxycycline-free or doxycycline-containing water to induce or suppress

the expression of TAM67. The tumor sizes were measured twice a week and tumor volumes were

estimated according to the formula: (long dimension) x (short dimension) 2/2. Tumor growth rates of

different groups were calculated and statistically analyzed as described below in Statistical Analysis.
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Immunohistochemical Analysis

Tumor tissues were collected from sacrificed nude mice. The samples were fixed in 10%

neutral buffered formaldehyde overnight and then embedded in paraffin. Tissue sections were then

mounted on slides and processed for either hematoxylin & eosin staining or inmunohistochemical

staining. For immunohistochemical studies, tissue sections were cut at 4 gLm and mounted onto

slides. Slides were deparaffinized, and then endogenous peroxidase was blocked with 0.1% sodium

azide in 3% hydrogen peroxide in 1 x auto buffer. Slides were then rinsed in PBS, and nonspecific

binding was blocked with 10% albumin. Because the TAM67 gene was FLAG-tagged, an anti-

FLAG antibody was employed as first antibody (1:10,000, M2, Sigma, St. Louis, Missouri),

followed by a biotinylated rabbit anti-mouse antibody (1:100), and peroxidase activity was

visualized using DAB chromagen intensified with 0.2% osmium tetroxide. For

immunohistochemical staining of phospho-Histone H3, the anti-phospho-Histone H3 monoclonal

antibody (1:400, Upstate, Lake Placid, New York) was employed, followed by biotinylated anti-

rabbit antibody (1:200). The slides were counterstaining with 1 % methyl green.

TUNEL Assay

Paraffin-fixed tumor tissues were cut at 3-4 microns and mounted to slides. The slides

were baked overnight at 58°C and deparaffinized, and were digested in proteinase K for 15 min at

370C. 3% hydrogen peroxide was used to block endogenous peroxidase. The slides were incubated

with avidin solution, then biotin solution for 15 min respectively, and then incubated with TdT

reaction cocktail (TdT (Roche, Indianapolis, Indiana), 1:400; Manganese cation, 1:50; d-UTP-biotin

16, 1:100) for 2hrs at 37°C. Freshly prepared horseradish peroxidase labeled streptavidin (Dako,

Carpinteria, California) at a 1:200 was added, and peroxidase activity was visualized using DAB

chromagen. Counterstaining was done with 0.05 % methyl green.
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Statistical Analysis

Tumor growth in vivo was approximately exponential, but varied slightly from animal to animal. To

compare the growth rates of tumors in animals treated with Dox or not, we estimated individual

growth rates by linear regression of logtransformed tumor volumes on time, and then compared the

growth rates by student's t-test. Growth rates were summarized by means and 95% confidence

.intervals.
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Results

Expression of cJun dominant-negative mutant inhibits basal and induced AP-1 activity

TAM67 (Fig. la) is a mutated form of c-Jun that can specifically inhibit AP-I activity in

different cell types(23). Using this mutant, we previously isolated MCF-7 clones that express

TAM67 under the control of an inducible promoter, the tet-off promoter(22). In the present study,

we used these MCF-7-Tet-Off-TAM67 clones to determine the effect of AP-1 blockade on breast

cancer growth in vitro and in vivo. First, the expression of TAM67 protein in independent clones

was determined using Western Blotting (Fig. 1b). As can be seen, no TAM67 protein was expressed

in the presence of doxycycline, while high levels of TAM67 protein were seen when the cells were

cultured in the absence of doxycycline.

To demonstrate the effects of TAM67 on basal AP-1 activity and AP-1 activity induced

by peptide growth factors and estrogen, we performed luciferase reporter assays using an AP-1-

dependent reporter construct in the presence and absence of doxycycline in our MCF-7 TAM67 Tet-

Off cell clones #62 and #67. For these experiments, the cells were starved of all growth factors and

stimulated with the individual growth factors (EGF, IGF-1, HRG-f3, bFGF or estradiol). These

studies demonstrated that all tested growth factors stimulated AP-1 activity in MCF-7 cells (Fig. 1c).

TAM67 repressed the basal level of AP-1 activity, and also inhibited AP-1 activity induced by each

of these growth factors and estrogen (Fig. ic).

TAM67 inhibits MCF-7 cell growth induced by serum and by polypeptide growth factors

We next examined whether TAM67 expression inhibited MCF-7 breast cancer cell

growth induced. by serum or by individual growth factors. First, we tested the effect of TAM67 on
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serum-induced MCF-7 cell growth. Different concentrations (0.5, and 5.0 %) of fetal bovine serum

were used to stimulate the growth of serum-starved MCF-7 Tet-Off TAM67 clone, cells (#62), and

vector-transfected cells (clone #1), in the presence or absence of doxycycline. We found the

expression of TAM67 after the removal of Dox from the culture medium totally inhibited MCF-7

cell growth stimulated by fetal bovine serum. These cells proliferated normally after serum

* stimulation in the presence of Dox (#62 +Dox). Vector transfected cells grew well after serum

* stimuation in the presence or absence of Dox (Fig. ld).

To determine whether AP-1 blockade inhibited proliferation induced by specific peptide

growth factors, we treated the MCF-7 cells with different concentrations of peptide growth factors to

stimulate cell growth in the presence or absence of Dox (EGF, 0-100 ng/ml; IGF-1, 0-100 ng/ml;

heregulin-03, 0-10 ng/ml; bFGF, 0-10 ng/ml). The results from these experiments showed that all

these peptide growth factors stimulated the proliferation of both vector- and TAM67-transfected

MCF-7 cells (Fig. 2). When the MCF-7 Tet-Off TAM67 cells were cultured in the absence of Dox,

TAM67 was induced and the cell growth stimulated by growth factors EGF, IGF-i, heregulin-03,

bFGF was totally inhibited (Fig. 2a, 2b, 2c and data not shown for bFGF). The vector-transfected

cells responded equally well to these growth factors in the presence or absence of Dox (Fig. 2).

TAM67 partially inhibited estrogen-induced MCF-7 cell growth

MCF-7 breast cancer cells express the estrogen receptor and proliferate in response to

estrogen stimulation. This proliferative response is caused by estrogen activating the estrogen

receptor, which may or may not involve the AP-1 transcription factor. AP-1 and the estrogen

receptor have been previously shown to affect each other through transcription factor cross talk (13,

17, 24, 25. To investigate the effect of AP-1 blockade on estrogen-induced gene expression, we
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used the Vit-ERE-TK-Luc reporter construct which has a classical ERE upstream of the TK

promoter and luciferase gene to measure estrogen-induced gene expression. The TAM67 clones

#62, #67 and Vector clones #1, #3 were transfected with this estrogen-inducible construct, and were

treated or not treated with estrogen in the presence and absence of Dox. All these clones responded

well to estradiol, both in the presence and absence of Dox (Fig. 3a). The results demonstrated that

AP-l blockade induced by expression of TAM67 did not block estrogen receptor transactivating

activity. Thus, the inhibition of estrogen-induced growth by TAM67 is likely due to blocking

signals independent or downstream of classical estrogen-induced transcription.

To investigate whether AP-1 blockade inhibits estrogen-induced growth, we measured

the proliferative response to estrogen using our MCF-7 Tet-Off TAM67 cell line. MCF-7 Tet-Off

TAM67 cells and vector-transfected cells were treated with different concentrations of estradiol (0-

10-9M) to stimulate cell growth in the presence or absence of Dox. The results from these

experiments showed that estrogen stimulated the proliferation of MCF-7 cells and that the growth

was dose-dependent both in the vector clone and the TAM67-expressing clone (Fig. 3b). When the

MCF-7 Tet-Off TAM67 cells were cultured in the absence of Dox, TAM67 was induced and the cell

growth stimulated by estrogen was suppressed. However, while TAM67 totally inhibited peptide-

growth factorinduced growth, it did not totally block estrogen-induced growth. (Fig. 3b).

TAM67 inhibits MCF-7 xenograft tumor growth in nude mice

Since TAM67-induced AP-1 blockade inhibited MCF-7 cell growth, we next investigated

whether TAM67 could also inhibit breast tumor growth in vivo in nude mice. For these experiments,

we utilized two MCF-7 Tet-Off TAM67 cell clones (clones #62, #67) and two vector clones (#1,

#3). These cells were injected into the mammary fat pad of nude mice that received estrogen pellets

to stimulate the development and growth of tumors as described in Materials and Methods. After the
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tumors developed in nude mice and the tumor sizes were greater than 100 mm 3, we randomized the

mice of each group to either receive or not receive doxycycline to suppress or induce the expression

of TAM67. Tumor size was then measured. The size of the tumors as a function of time is shown in

Figs. 4a and 4b. As can be seen, tumors from vector-transfected cells grew rapidly when the mice

were fed with water containing or not containing Doxycycline (Fig. 4a). In the presence of Dox, the

TAM67 tumors also grew well. However, when the mice were fed with water without Dox, the

tumor growth was dramatically reduced (Fig. 4b).

We also calculated and compared the growth rates of tumors in each group. There was

no significant difference in the average growth rate of the vector-transfected clones treated with or

without Dox (Fig. 4c). However, in both TAM67-transfected clones, tumor growth rates were

significantly lower in the absence of Dox. These results demonstrate that AP-1 blockade in

established breast tumors suppresses their growth in vivo.

We next examined the histologic appearance of these tumors. No obvious necrosis was

observed when TAM67 was induced (Fig. 4d). We can see strong expression of TAM67 (as seen by

immunohistochemical staining for the FLAG tag) in tumor tissues collected from TAM67-mice that

were fed with water without Dox, while in tumor tissues from TAM67 mice that were fed with*

doxycycline-containing water and from Vector-mice, there was no expression of TAM67.

TAM67 inhibits proliferation without inducing apoptosis

To better understand the mechanism by which AP-1 blockade affects the growth of breast

cancer cells, we investigated whether TAM67 inhibited proliferation or induced apoptosis in the

mouse tumor tissues. Phosphorylation of histone H3 correlates closely with mitosis (26, 27). Thus,

we chose immunohistochemical staining using anti-phospho-Histone H3 to determine proliferation

15t



in the tumor tissues. There were fewer cells expressing phospho-Histone-H3 in tumors expressing

TAM67, compared to tissures not expressing TAM67, both- in TAM67 clones #62 and #67 (Fig. 5a).

These differences were statistically significant (Fig. 5b).

We next used the TUNEL assay to measure apoptosis in the tumor tissues. Tumors

isolated from mice injected with vector clones and TAM67 clones,. and grown in the presence or

absence of doxycycline, were studied. We observed no differences of apoptotic rates in any of these

tumor tissues (Fig. 5c).
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Discussion

The above results demonstrate that expression of a cJun dominant negative protein

inhibits peptide growth factor-induced activation of the AP-1 transcription factor, and inhibits breast

cancer cell growth. In addition, the data show that this AP-1 inhibitor also suppresses estrogen-

induced growth of breast cancer cells. AP-1 blockade suppressed the growth of breast cancer cells

both in vitro and in vivo in nude mice. The present results show that this suppression of tumor

growth was caused by inhibition of proliferation without inducing apoptosis. These results

demonstrate that mitogenic signal transduction in breast cancer cells can be blocked at a distal point

at which signals from multiple peptide growth factors and estrogen converge. By blocking signal

transduction at the point where these multiple signals converge, one can potentially overcome the

problems of receptor downregulation or utilization of alternative growth factor pathways that can

occur with other agents that target individual growth factor pathways.

Previous studies have demonstrated that the AP-1 transcription factor is an important

regulator of proliferation, transformation, and apoptosis, depending on the cell type. We and others

have used the cJun dominant negative mutant, TAM67, to investigate the role of AP-1 in several.

different cell types. These studies have shown that in fibroblasts, AP-1 is an important regulator of

proliferation and transformation (28, 29). Other studies, done in neuronal cells and in hematopoeitic

cells, show that AP-1 regulates apoptosis (30, 31). The current study demonstrates that in breast

cancer cells, AP-1 is a critical regulator of proliferation.

We and others have investigated the function of AP-1 in normal and malignant breast

cells. These previous studies have shown that AP-1 family members are expressed in normal and

malignant breast cells, that peptide growth factors and estrogen induce AP-1-dependent
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transcriptional activation, and that the anti-estrogen, tamoxifen, can also activate the AP-1

transcription factor. Increased AP-1 activity in breast cancer cells can also lead to tamoxifen

resistance. Thus, overexpression of cJun induces tamoxifen resistance in MCF7 breast cancer cells

(18). In addition, selection for tamoxifen resistance leads to upregulation of AP-1 activity in breast

cancer cells. Dumont and coworkers isolated a hormone-resistant clone of MCF7 cells, that were

found to be tamoxifen-resistant and have increased AP-1 activity (32). We have also shown that

MCF7 xenografts that acquire tamoxifen resistance by being chronically treated with tamoxifen in

vivo, develop increased AP-1 activity at the time they develop tamoxifen resistance by increasing

the expression and activity of the cJun activating kinase, JNK (20). Studies of the expression and

activity of AP-1 in human breast tumors also demonstrate that AP-1 activity is increased in

tamoxifen-resistant breast cancer cells. Johnson and co-workers showed that AP-1 DNA binding

activity and JNK activity were increased in tamoxifen-resistant human breast cancers as compared to

untreated ER-positive breast cancers (19). All of these results show that the AP-1 transcription

factor is an important transducer of mitogenic signals in breast cells.

The results reported here represent the first direct demonstration that the AP-1

transcription factor is essential for mitogenic signal transduction induced by many different growth.

factors (EGF, TGFcx, heregulin, bFGF, IGF-1, and estrogen). A possible mechanism for this

general block of proliferative signals is shown in Figure 6. As shown in this figure, peptide growth

factors bind their respective membrane bound receptors, and activate cytoplasmic signal transduction

cascades. These signals are transduced to the nucleus where AP-1 is activated by phosphorylation,

and AP-1-dependent genes are induced. TAM-67 is able to block AP-1 activity, block the

expression of these AP-1-dependent genes, and ultimately block proliferation induced by these

peptide growth factors. In breast cancer cells treated with estrogen, estrogen is able to bind to the
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estrogen receptor, and activate estrogen receptor-dependent genes, either through the "classical

pathway" of ER-regulated genes, or through a "non-classical pathway" that activates genes that do

not have classical EREs within their promoters. The expression of some of these genes, particularly

those with an ERE within their promoter (the classical pathway), may not be directly affected by the

expression of TAM-67. However, it is possible that these estrogen-induced genes include peptide

growth factors or their receptors. In that case, TAM-67 could inhibit the estrogen-induced signal

transduction indirectly by inhibiting the subsequent peptide growth factor signals.

Another way TAM-67 could inhibit estrogen-induced proliferation is by blocking the

expression of estrogen-induced genes that use the "non-classical pathway" of estrogen regulated

genes (see Figure 6). Some genes activated by estrogen do not have classical estrogen response

elements, but instead have AP-1 sites, within their promoters (13, 25, 33, 34). Expression of these

genes is induced by estrogen binding to the estrogen receptor, which then binds to and activates AP-

1 transcription factors. These activated AP-1 complexes bind to the AP-1 sites and induce the

expression of these "estrogen-induced" genes. We predict that TAM-67 would inhibit the

expression of such estrogen-induced, AP-1-dependent genes. Thus, TAM-67 may inhibit estrogen-

induced growth by inhibiting the expression of a subset of estrogen-induced, AP-1-dependent genes_

that are involved in regulating proliferation.

Given the potent ability of TAM-67 to block peptide hormone-induced breast cell

growth, it may be possible to combine agents that block AP-1 with anti-estrogens to obtain total

signal transduction blockade. In that case, peptide hormone mitogenic pathways, non-classical ER

pathways, and classical ER pathways would all be blocked. Such total blockade may be the most

effective way to suppress breast cancer growth and avoid the outgrowth of resistant breast cancer

clones.
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The AP-1 inhibitor described in these studies would be difficult to develop as a

therapeutic agent for the treatment of breast cancer. It might have significant toxicity, and it would

need to be delivered to breast cancer cells via gene therapy techniques. A more practical application

of the present results would be to use small molecule inhibitors of the upstream activating kinases to

block AP-1 activation. Such kinases would include either Jun-N-terminal kinases or MAP kinases.

Small molecule inhibitors of these kinases are now being developed and are currently being testing

in Phase I trials. Our results suggest that such agents either alone, or in combination with anti-

estrogens, have significant promise for the treatment and prevention of breast cancer.
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Figure Legends:

Fig. la: Schematic diagram of the c-Jun and TAM67 proteins.

Fig. 1b: Expression of TAM67 in MCF-7 Tet-Off TAM67 clones #62 and #67 measured by Western

blot as described in "Materials and Methods". The cells were cultured in the medium without Dox

for 0-7 days, and lysates prepared and loaded anto the gel. A Western blot to actin was used to

demonstrate equal loading.

Fig. le: TAM67 inhibition of basal, peptide growth factor-induced, and estrogen-induced AP-l

activity in MCF-7 Tet-Off TAM67 clone #62. The cells were cultured in the presence or absence of

Dox for 5 days to suppress or induce the expression of TAM67. The cells were then starved of all

growth factors for 2 more days (in the presence or absence of Dox). The cells were then transfected

with and AP-1 dependent reporter, and then stimulated with different growth factors for 6 hours.

Cell lysates were prepared, and luciferase assays were performed as described in "Materials and

Methods".

Fig. 1d: TAM67 inhibition of serum-induced cell growth. MCF-7 Tet-Off TAM67 cells (clone

#62) were cultured in the presence or absence of Dox for 5 days, after which time the cells were

starved of fetal bovine serum for 2 more days. The cells were then stimulated with serum (at 0.5 %

and 5 % concentrations) and cell growth was determined as described in "Materials and Methods".

MCF-7 Tet-Off Vector clone #1 was used as control. *indicates statistical significant difference (P<

0.05).

Fig. 2. TAM67 inhibition of peptide growth factor-induced cell growth. MCF-7 Tet-Off TAM67

cells (clone #62) or MCF Tet-Off vector (clone #1) were cultured in the presence or absence of Dox
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for 5 days, after which time the cells were starved of all growth factors for 2 more days (in the

presence absence of Dox). The cells were then stimulated with different concentrations of growth

factors. Growth was determined as described in "Materials and Methods". Fig. 2a: MCF-7 Tet-

Off vector cells stimulated with EGF; Fig. 2b: Cells stimulated with IGF-1; Fig. 2c: Cells

Stimulated with HRG-03.

Fig. 3. TAM67 partially inhibits estrogen-induced cell growth but does not block ER-induced

transcriptional activity. Fig. 3a: Effects on ERE-activity. MCF-7 Tet-Off TAM67 clones #62, #67

and Vector clones #1, #3 were cultured in the presence or absence of Dox for 5 days, and were

starved in phenol red-free medium with charcoal stripped serum for 2 more days. The cells were

then transfected with an ERE-luciferase reporter, then were stimulated with 17-p3-estradiol overnight.

The luciferase reporter assays were performed according to the "Materials and Methods".

Fig. 3b: Effect on estrogen-induced growth. MCF-7 Tet-Off TAM67 cells (clone #62) or MCF-7

Tet-Off vector cells (clone #1) were cultured in the presence or absence of Dox for 5 days, after

which time the cells were starved of all growth factors for 2 more days (in the presence or absence of

Dox). The cells were then stimulated with different concentrations of 17-03-estradiol, and cell growth-

was determined as described in "Materials and Methods". MCF-7 Tet-Off Vector clone #1 was used

as control.

Fig. 4: TAM67 inhibits MCF-7 xenograft tumor growth in nude mice. The MCF-7 Tet-Off TAM67

clones #62, #67 and vector clones #1, #3 were injected into Balb/C nude mice and maintained as

described in "Materials and Methods". When the tumors reached 100 mm 3, the mice were
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randomized to either continue to receive Dox or not. Tumor growth was measured and is plotted as a

function of time after randomization. Each line indicates the growth of each individual tumor.

Fig. 4a: Growth of MCF-7 Tet-Off vector cells in the presence or absence of doxycycline.

Fig. 4b: Growth of MCF-7 Tet-Off Tam67 cells in the presence or absence of doxycycline.

Fig. 4c: Average growth rates of the MCF-7 tumors in the presence (+) or absence (-) of

doxycycline. P values to determine statistical significance are shown.

Fig.,4d: H&E staining and immunohistochemical staining for the Flag tag are shown to demonstrate

the expression of TAM67.

Fig. 5: Immunohistochenical staining of phospho-t1istone H3 and TUNEL assay in tumor tissues.

Fig. 5a: Tumor tissues from vector clones or TAM67 clones in the presence or absence of

doxycycline were stained with anti-phospho-Histone H3 antibody as described in "Materials and

Methods". (1) Vector clone (+) Dox; (2) Vector clone (-) Dox; (3) TAM67 clone (+) Dox; (4)

TAM67 clone (-) Dox. Fig. 5b: The average percentage of phospho-Histone H3 positive cells in

each clone is shown. *indicates statistical significant difference (P< 0.05). Fig. 5c: The percentage

of TUNEL positive (apoptotic) cells of 2 Vector Clones and 2 TAM67 Clones in the presence or

absence of Dox is shown. There is no difference in % apoptotic cells between tumors grown in the

presence or absence of doxycycline.

Fig. 6. Proposed mechanism by which TAM67 blocks signal transduction In breast cancer cells,

peptide growth factor pathways are activated by peptide growth factors binding to their receptors,

which activate signal transduction kinases, such as ERK, JNK, p38 and PI3-K. These kinases in turn

phosphorylate Jun and Fos proteins, causing activation of AP-1 and induction of genes regulating
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proliferation. This pathway is blocked by TAM67 (left). For estrogen-induced growth, there appear

to be at least two pathways. In the classical estrogen-induced pathway, estrogen binds to estrogen

receptor, which then binds to estrogen responsive elements (ERE) in the promoter of target genes to

cause cell growth. This pathway may not be blocked by-TAM67 (middle). In the non-classical

estrogen-induced pathway (right), estrogen binds to ER, ER interacts with AP-1 and induces the

expression of AP-1-dependent genes that have AP-1 sites within their promoters, which promote

cell growth. This pathway is likely blocked by TAM67.
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