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INTRODUCTION

The purpose of our study is to increase our understanding of estrogen and androgen

receptor action in tumors of the breast with a view to aid in the development of new

hormonal and non-hormonal therapies for the treatment of anti-estrogen resistant tumors.

Specifically, we seek to identify the phases in the cell cycle during which steroid-

activated estrogen and androgen receptors are normally transcriptionally active and to

determine whether this cell cycle regulation of receptor activity is maintained when

cancer-inducing non-steroidal agents activate the receptors. Our hypothesis is that the

activities of steroid-induced ER and AR are controlled by cell cycle regulators and that

cancer-inducing, non-steroidal activators bypass or alter this regulation of receptor

activity giving rise to aberrant ER and AR function. Similarly, we predict that disruption

of certain cell cycle regulators results in altered control of steroid receptor activity.

BODY

All the work to date has focused on L929 cells and cell lines derived from these as

reported in the July 2000 annual report and in the present report.

Aiml: Our first aim is to measure the activity of steroid-activated ER and AR during the

cell cycle. To this purpose, four tasks were assigned in the original Statement of Work

under Aim 1. Tasks A and B were completed in the first year of funding and

corresponding results were submitted in the July, 2000 annual report. Task C was

partially accomplished during the first year. Here we summarize the results obtained

under Aim 1 task C up to June, 2000 and present work done on this task since then.

During the first year of funding, we found that the androgen receptor had high activity

during the GO phase of the cycle (while cells are serum starved) and good activity when

cells were arrested throughout S phase by treatment with a variety of S arresting drugs

including aphidicolin, hydroxyurea and thymidine. No activity was detected in the G2

phase of the cycle. In the case of the estrogen receptor (ER), no complete arrests were

obtained yet phases were enriched by drug treatment. Estrogen receptor expressing cells

with a cell cycle distribution of 50% GO/G1, 40% S phase and 10% G2/M showed a ten

fold induction of ER activity when treated with estradiol. As the S phase fraction

increased to 60% (with consequent decrease in GO cells to 25% and some increase in

G2/M to 15%), for example, induction decreased to about 2 or 3 fold over no hormone

controls. These results have been confirmed and furthered over the last 12 months.

Indeed, it is clear that the androgen receptor (AR) has optimal activity (30 to 100 fold

hormone induction) in serum starved GO cells. The receptor is active in cells that are

arrested anywhere along S phase, showing good activity (10 to 50 fold hormone
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induction). In these cells, the AR is active from the mouse mammary tumor virus
promoter as well as from the natural androgen responsive probasin promoter (Fig. 1).
However, it has been found and confirmed in several well-controlled experiments that the
androgen receptor losses its activity in cells arrested at the GUS boundary. Even at high
hormone concentrations, no more than a three fold activation of the AR can be observed
while cells undergoing the same treatment show a 10-20 fold activation of the
glucocorticoid receptor under the same conditions (Fig 2). The effects of the
antiandrogen cyproterone acetate (CA) were also studied through the cell cycle. CA acts
as a relatively potent antiandrogen but at high concentrations it can acquire agonistic
activity. CA did not acquire agonistic activity in any phase of the cycle beyond its basal
effects. This discounts the possibility (at least in these cells) that this antiandrogen may
have androgenic effects in rapidly growing cells that contain a high S phase fraction.

Estrogen receptor studies have also been continued. Serum starved cells consistently

show 10-20 fold induction with nanomolar concentrations of hormone. This is the
highest detected level of activity that we have seen. In these cells, the antiestrogen ICI

182-780 (ICI) inhibits 70-100% of the activity of the estrogen induced receptor. Cells
growing in 3% or 10% serum, regardless of whether or not they were starved just prior to
serum addition, show a relatively constant 5-7 fold induction of activity when estrogen
treated. The decrease in the presence of serum may be due to steroid binding proteins
present in the serum that lower the effective hormone concentration. However, cells

growing in 3% serum that were deprived of glutamine gained activity over cells growing
in the presence of glutamine, showing a clean 10 fold induction of ER activity. This
suggests that the effect seen on steroid receptor activity in the presence of serum is not
fully due to serum binding factors. Interestingly, also in the case of the ER, treatment
with hydroxyurea after starvation (for G1/S arrest) obliterated all ER activity while the
same drug treatment on asynchronous cells (to arrest cells along S phase) reduced
estrogen activation to 3-4 fold over basal values. Hydroxyurea treatment of serum
starved cells had only a slight effect on estrogen activity, with 7-9 fold activation of the
receptor in the presence of the drug compared to 10 fold activation in its absence,
showing that the drug itself does not have gross effects on receptor function. ICI showed
its characteristic inhibitory effect on estrogen activity in all cases and did not gain
agonistic activity in any cell cycle phase. The ER results are summarized in Fig. 3.

Furthermore, as proposed in the Statement of Work Aiml, C, levels of AR protein have

been measured during the cell cycle. In the absence of hormone, receptor levels are low.
Nanomolar dihydrotestosterone (dht) treatment clearly upregulates the receptor protein.
This upregulation is seen in both GO arrested and GI/S arrested cells, although the final
receptor levels are consistently higher in GO cells (Fig 4). Androgens are known to

5



regulate AR protein levels. Whether the lower receptor levels in the G1/S cells represent
the cause of the reduced activity or its consequence is not yet clear. We favor the
following interpretation: bound hormone stabilizes the receptor protein, thus in the
presence of hormone receptor levels increase in all stages of the cell cycle to some extent.
Yet a further increase in receptor protein requires a transcriptionally active AR: while this
complex is present in the GO cells, it is not functional in the GUS cells. Thus the latter
group does not reach optimal, self-induced receptor levels. ER protein levels have not
yet been measured.

In Aim 1 task D, we proposed to measure the Kd and EC5 0 values of the ER and AR at

different cell cycle stages if results from task C warranted this. Although detailed dose

response curves at different cell cycle phases have not been performed, we deemed it
necessary to investigate the possibility that the GU/S inactivity of the receptors would be

caused by a transient decrease in affinity for hormone. We thus repeated the cell cycle

arrests inducing the cells with 100- fold more hormone than in original experiments. The
AR remained transcriptionally inactive in GUS cells even in the presence of 100 nM
androgens. The ER behaved similarly. Thus, we are quite confident that the GU/S effect
is not simply the result of a small decrease in sensitivity for hormone. Rather, it is
possible that cofactors that are necessary for receptor activity are unavailable or
inactivated at the GUS boundary.

Aim 2: With respect to Aim 2, work began corresponding to task A in the original
Statement of Work. As reported earlier, non-steroidal activators tested with our cell
lines (such as cadmium, forskolin, EGF, KGF and IGF) only induced ER or AR levels
two or three fold or not at all. Even these low activities were not consistently detected.
As the receptors had been shown by us to have highest activity while serum starved, the
non-steroidal activators were tested for their ability to induce the transcriptional activity
of the receptors in GO cells. Again, either no activity or very low activity was detected
while hormone induction was strong. This makes the accomplishment of tasks C, D and E
impossible as the receptors are not activate enough to make measurements possible. In
addition, a further complication exists. As the AR expressing cells used in these studies
also express endogenous glucocorticoid receptor (GR), and since both receptors can

activate transcription from the MMTVLTR promoter that is stably integrated into these

cells, it would be hard to know if a non-steroidal activator was acting through the AR or

the GR. Thus, a new cell line was developed derived from E8.2 cells which do not
express the GR but are otherwise identical to the parental line L929 (1). These E8.2 cells
were stably transfected with two distinct probasin luciferase constructs: one containing a
portion of the androgen responsive region of the probasin promoter, the other containing
three copies of the minimum androgen responsive sequences. These cells lines respond to
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androgens and not to glucocorticoids as expected thus making specificity studies possible
(Fig 5). They offer the advantage of a natural androgen responsive promoter and an

alternate reporter gene (luciferase instead of CAT). Preliminary studies on the effects of
non-steroidal activators on these cells are currently underway, yet to date no good

activation has been detected.

We are presently investigating whether the cells can be sensitized to respond better to the
non-steroidal activators. It has been reported that treatment of cells with trichostatin A, a

specific inhibitor of histone deacetylase, results in histone hyperacetylation and

consequently chromatin relaxation (2). Under these conditions, transcriptional pathways
should be more active than under condensed chromatin conditions. We therefore propose
to test the effects of select non-steroidal ER and AR activators in cells pretreated with
trichostatin A as well as the effects of antagonists under these conditions. If good
activation is obtained in the presence of trichostatin A, tasks A-E can be re-evaluated; if,
however, only poor activation or no activation of the receptors is obtained, we will focus

on Aim 3 for the remainder of the grant period. Indeed, recent progress in the field has
underscored the importance of Aim 3.

Aim 3: In the third Aim, we proposed to identify the cell cycle regulatory molecules
involved in the control of estrogen and androgen receptor activity. Cell cycle regulators

that affect steroid receptor action have recently been identified and include cyclin E,
cyclin Dl, the retinoblastoma protein (Rb) (3-7) and E2F (personal communication, Olga
Rodriguez and Mark Danielsen). Preliminary work under tasks A and B of this Aim has
began in collaboration with others in our laboratory. Under task A, we have measured
the activity of the ER and the AR in two related cell lines: CV-1 and COS-7. CV-1 cell
lines were originally established from the kidney of an African green monkey and contain
no endogenous steroid receptors. COS-7 cells were derived from CV-1 cells by
transformation with Large Tumor antigen (Tag) and express high levels of this oncogene.
Tag is known to bind to and thus reduce available pools of proteins such as Rb. We

therefore measured the activity of ER and AR in CV-1 cells (which contain high levels of
available Rb) vs. COS-7 cells. We find that the activity of the AR on MMTV based
promoters is high in CV-1 cells with only barely detectable activity in COS 7 cells (Fig
6). The ER, however, seems to be moderately active in COS cells. Whether transient

coexpression of Rb or other proteins bound by Tag restores AR activity or increases ER
activity has not been yet measured by us. Work underway towards task B, includes the
development of a cell line that overexpresses the cell cycle regulatory transcription factor

E2F. This cell line is derived from L929 mouse fibloblasts and is thus particularly well
matched for our studies.
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KEY RESEARCH ACCOMPLISHMENTS

"* Three new cell lines have been developed from E8.2 cells and have been

characterized for their level of androgen receptor activity and the receptor's
transcriptional response to agonists and antagonists.

"* Two cell lines overexpressing different levels of the E2F transcription factor and cell
cycle regulator have been developed and are being characterized in collaboration with

others.
"* It has been established that the androgen receptor is active in L929 derived cell lines

during the GO/G1 phase of the cell cycle from both MMTVLTR and probasin
promoters.

"* It has been established that the androgen receptor is active in cells progressing
through S phase from both MMTVLTR and probasin promoters.

"* It has been established that the androgen receptor lacks detectable activity in cells
arrested at the G1/S boundary and that only very low activity is present in these cells
even when exposed to hormone concentrations 100-1000 times greater than the EC50.

"* It has been established that the estrogen receptor shows highest activity when the
cells are treated by serum starvation and are mainly in GO/G1.

"* It has been established that the estrogen receptor shows reduced activity in cells

treated with S phase arresting drugs and no activity when treated for GUS boundary
arrest.

"* It has been established that the androgen antagonist cyproterone acetateand the
estrogen antagonist ICI 182-780 do not gain measurable agonistic activity during any

tested phase of the cell cycle (GO, GU/S or S).
"* It has been shown that AR levels in cells arrested at the GUS boundary are clearly

increased by androgens although final receptor levels are lower than in GO cells.
"* It has been established that Cd does not induce the estrogen or androgen receptors in

asynchronously growing or GO arrested L929 derived cell lines unless micromolar
concentrations of the metal are used. This induction is low (2-3 fold) and not
consistently seen.

"* It has been established that forskolin, EGF, IGF-1 and KGF do not activate the
androgen receptor in L929 derived cells asynchronously growing or arrested at GO.

"* It has been shown that AR has poor activity from an MMTVLTR promoter in COS 7

cells which express high levels of the Rb binding oncogene Large T antigen.
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REPORTABLE OUTCOMES

Abstracts and publications (Jan 2000 to date)
Martinez, E. and Danielsen, M. (2001) Androgen receptor transcriptional activity is
regulated through the cell cycle in mouse fibroblasts. EMBO workshop on Nuclear

Receptors: structure and function, Sicily, Italy.
List, H.J., Smith, C.L., Martinez, E., Harris, V., Danielsen, M. and Riegel, A.T. (2000)
Effects of anti-androgens on chromatin remodeling and transcription of the integrated
mouse mammary tumor virus promoter. Experimental Cell Research 260, 160-165.

Martinez, E. and Danielsen, M. (2000) Androgen Receptor activation by an
antiproliferative drug in the absence of androgens. 82nd Annual Meeting, The Endocrine
Society, Toronto, Canada.
Martinez, E. and Danielsen, M. (2000) An antiproliferative drug activates the Androgen
Receptor. Keystone Symposia on Nuclear Receptors, Steamboats, CO.

Development of cell lines
Five cell lines have been developed since July, 2000
E8.2-PBLUC: E8.2 cells stably expressing luciferase under the control of a minimal
probasin promoter showing moderate-high androgen receptor activity.
E8.2-ARR3LUChi: E8.2 cells stably expressing luciferase under the control of three
copies of the androgen responsive region of the probasin promoter showing high
androgen receptor activity.
E8.2-ARR3LUClow: E8.2 cells stably expressing luciferase under the control of three
copies of the androgen responsive region of the probasin promoter showing low androgen
receptor activity
E8.2-E2F#9: E8.2 cells stably overexpressing hi levels of the E2F transcription factor

(collaboration)
E8.2-E2F#20: E8.2 cells stably overexpressing low levels of the E2F transcription factor

(collaboration)
Funding applied for based on work supported by this award
Travel grant award to cover partial costs for attending a scientific conference on Nuclear
Receptors to present work done on cell cycle regulation of androgen receptor (award not
obtained for lack of funds)
Presentations:
-Poster presentation 5/01: Androgen receptor transcriptional activity is regulated through
the cell cycle in mouse fibroblasts. EMBO workshop on Nuclear Receptors: structure
and function, Sicily, Italy.
-Oral presentation 10/00: Regulation of Androgen Receptor transcriptional activity.
Data presentation series. Department of Biochemistry and Molecular Biology,
Georgetown University School of Medicine, Washington, DC.
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CONCLUSIONS

Through these studies we are gaining understanding of how estrogen and androgen

receptors are regulated and how their deregulation may contribute to the onset of

tumorigenesis and to the development of hormone independent growth. We have found
that the activity of the androgen and estrogen receptors is indeed regulated throughout the
cell cycle with no activity of the androgen and estrogen receptors in cells treated for

arrest at the GUS boundary and low activity of the estrogen receptor in cells which are

mainly in S phase. Furthermore, our data indicate that non-steroidal activators of the
receptors may act in a cell type and promoter dependent manner as we do not detect
receptor activation by growth factors in our system. We will continue to analyze the
regulation of receptor activity as outlined by the original proposal, taking into

consideration recent developments in the field and the issues discussed in the body of the

proposal.
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Figure 1: (a)L 929 cells stably transfected with pMMTVCAT were cultured in DMEM

supplemented with 3% calf serum (CS). Cells were serum starved (grown in 0.1% CS)
for 48 hrs to induce entry into GO. During an additional 24 hrs of starvation, cells were

treated with I nM DHT or untreated. Cells were separated into three groups: aliquots for

CAT assay were resuspended in Tris buffer; aliquots for FACS analysis were

resuspended in citrate buffer and cells for western analysis (Fig 4) were lysed in modified
RIPA buffer. All samples were stored frozen until analyzed. CAT activity was measured

using 3H Acetyl CoA. CAT activity is expressed as cpm/min. (b) L 929 cells stably

transfected with a probasin-luciferase reporter construct (ARR3-Luc) were cultured in
DMEM supplemented with 3% CS and treated as in (a). Cells were harvested for

luciferase assays in Promega's cell culture lysis reagent. Luciferase activity was
measured using a luminometer and luciferin substrate. Activity is expressed in relative
light units. Cat activity (cpm/min)

CC C C C C C C C

G1/S nh

GI/S 1 nM DH-

GlIS 100 nM DHT

GI/S 1 nM DEX

G1/S 100 nM DEX

Figure 2: L 929 cells stably transfected with pMMTVCAT were cultured in DMEM

supplemented with 3% calf serum (CS). Cells were serum starved (grown in 0.1% CS)

for 48 hrs to induce entry into GO. After this starvation, cells were exposed to 1-2 mM
hydroxyurea in 10% serum for arrest at the GI/S boundary. During an additional 24 hr

exposure to hydroxyurea, cells were treated with 1 nM DHT, 100 nM DHT, 1 nM DEX,

100 nM DEX or untreated. Cells were harvested and assays carried out as in Fig. 1.
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Figure 3: E 8.2 cells stably transfected with pMERECAT and expressing ER were

cultured in DMEM supplemented with 3% calf serum (CS). White bars: asynchronous

cells growing in 3% CS were induced with I nM estrogen (E2), 1 pM ICI or uniduced
(nh). Hatched bars: Cells were serum starved (grown in 0.1% CS) for 48 hrs to induce
entry into GO. After this starvation, cells were exposed to 1-2 mM hydroxyurea in 10%

serum for arrest at the G1/S boundary. During an additional 24 hr exposure to
hydroxyurea, cells were hormone treated as indicated. Gray bars: Cells were serum
starved (grown in 0.1% CS) for 48 hrs to induce entry into GO. During an additional 24
hrs of starvation, cells were treated with I nM E2 +/- ICI or untreated. Black bars: cells

growing in 3%CS were exposed to 1-2 mM hydroxyurea for 48 hrs. During an additional
24 hr exposure to hydroxyurea, cells were hormone treated as indicated. All cells were

harvested in Tris buffer and assays carried out as in Fig. 1.

*--- GO--- 0-- G I/S--

NH I nM 100 nM NH I nM 100nM

-~ __ __ ~-actin

Figure 4: Aliquots of L929 cells from Figure 1 and 2 were harvested in modified RIPA

buffer and subjected to Western analysis. Samples were diluted and protein quantified
using the Bradford assay. Equal total protein was loaded in each lane. Membranes were
blotted with PAl-111 A, a polyclonal antibody that recognizes the N-terminus of the AR.
AR immunoreactive bands were visualized using an anti-rabbit HRP-conjugated

secondary antibody and Amersham's ECL reagents. Actin is shown as a loading control.
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Luciferase Fold induction (1 nM DHT/no hormone)
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Figure 5: E8.2 cells were stably transfected with one of two probasin-luciferase

constructs as described in "Reportable outcomes". Neomycin resistance was use as a

selection marker. Three clones were analyzed that show ten fold or higher induction of

luciferase activity when treated with I nM DHT. Luciferase assays were performed as in

Fig. I b.
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Figure 6: CV-1 cells (a) or COS-7 cells (b) were transiently transfected through

liposomal mediation (Dosper reagent) with expression vectors for the AR, GR and a CAT

reporter gene. Cells were induced with 100 nM DHT or DEX (a) or with increasing

concentrations of hormone (b) for 24-48 hrs. Cells were harvested in Tris buffer and CAT

activity measured as in Figure 1 a.
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Androgen receptor transcriptional activity is regulated through the cell cycle in

mouse fibroblasts

Elisabeth Martinez and Mark Danielsen

Department of Biochemistry and Molecular Biology

Georgetown University School of Medicine

Washington, DC USA

Androgens are necessary for the development, growth, and maintenance of sexual

organs such as the prostate. This control of cell proliferation is progressively lost in the

cancerous state leading to steroid-independent tumor growth in, for example, advanced

prostate cancer. In an effort to understand how androgens regulate cell proliferation in

normal and disease states, investigators have studied the effects of androgen treatment on

cell cycle regulators in tissue culture models. They have found that upon androgen

withdrawal, androgen dependent cells upregulate cdk inhibitors, inactivate cyclin/cdk

complexes and arrest at GO. Recently, it has been reported that the androgen receptor

(AR) itself interacts with the cell cycle machinery and that its transcriptional activity is

affected by these regulatory factors. While transient overexpression of Rb or cyclin E

enhances AR transcriptional activity, cyclin D1 overexpression inhibits this activity.

Given the above, we became interested in investigating whether these effects are relevant

in a normal cell cycle when regulators are not overexpressed.

To determine the net effect of cell cycle regulators on the AR, we measured

receptor activity in asynchronous, GO, GU/S, and G2/M arrested L929 cells which

endogenously express the AR. We found that the activity of the receptor is modulated

throughout the cell cycle but the pattern shown cannot be predicted simply by what is

known about the levels of expression or activation of the retinoblastoma protein or

cyclins D and E. The AR consistently exhibits highest transcriptional activity in GO or

quiescent cells. There is a marked decreased in activity at the Gl/S boundary but this

activity is regained in mid and late S phase. To date, no activity has been detected in the

G2/M phase of the cycle, paralleling what is known for the glucocorticoid receptor (GR).

In contrast to the GR, however, only the AR loses activity at the GUS boundary, with GR

remaining at least moderately active. The modulation of AR activity throughout the cell

cycle is independent of both the promoter and the reporter systems used. Additionally,

the drugs used to induce cell cycle arrest do not, on their own, affect receptor activity nor

receptor protein levels. To further understand the mechanisms of androgen action as well

as the specificity of androgenic responses, we plan to measure the hormone binding and

DNA binding properties of the AR at the G1/S boundary and to determine what type of

regulatory event may be responsible for switching the receptor on and off.

This work was supported by a DOD predoctoral fellowship (DAMD1 7-99-1-9199) to EM.
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type. The cellular response to androgens is mediated
Inhibition of the ligand-activated androgen receptor through the androgen receptor (AR), which belongs to a

(AR) by antiandrogens plays an important role in the large group of intracellular receptors, the nuclear re-
treatment of various hyperandrogenic disorders in- ceptor superfamily [1, 2]. The AR regulates the expres-
cluding prostate cancer. However, the molecular sion of target genes by binding to a hormone response
mechanisms of antiandrogen activity in vivo remain element (HRE) located di the enhancer or promoter of

unclear. In this study we analyzed the effects of cypro-

terone acetate (CPA), flutamide (F), and hydroxyflut- a target gene after binding to androgen agonists such

amide (OHF) on transcriptional activation and chro- as testosterone or its reduced metabolite dihydrotes-

matin remodeling of the genomically integrated tosterone (DHT). Conversely, synthetic androgen an-

mouse mammary tumor virus (MMTV) promoter. This tagonists such as cyproterone acetate (CPA), flutamide

promoter has provided an excellent model system to (F), or hydroxyflutamide (OHF), some of which are

study the impact of steroid hormones on transcrip- used for the treatment of hyperandrogenic disorders,
tional activation in the context of a defined chromatin can block AR-mediated pathways. The effects of these
structure. The lMTV hormone response element is antagonists on transcriptional activation mediated by
positioned on a phased nucleosome, which becomes the androgen receptor has been intensively studied
remodeled in response to steroids. We utilized this utilizing the transiently transfected mouse mammary
model system in mouse L-cell fibroblasts that contain a tumor virus (MMTV) promoter as a model system
stably integrated MMTV promoter. In these cells, di- [3-5]. However, the exact mechanisms by which anti-
hydrotestosterone (DHT) induced a large increase of androgens exert their inhibitory effect on the AR in the
AR protein levels that correlated with transcriptional context of chromatin has not been identified.
activation and chromatin remodeling of the MMTV A useful model system to study the interaction of the
promoter. Coadministration of DHT and CPA or DHT AR with a promoter in the context of chromatin has
and 011F in these cells inhibited the increase of AR been the activation of the integrated MMTV long ter-
levels, which resulted in a strong blockage of tran- minal repeat (LTR) by steroid hormones [6, 7]. The
scriptional activation and chromatin remodeling of HRE, which is responsible for the transcriptional re-
the MMTV promoter. In contrast, F had no significant sponse to androgens, glucocorticoids, progestins, and
influence on these activities. We conclude that a major mineralocorticoids, is located on nucleosome B of a
portion of the antiandrogenic effects of CPA and OHF phnerayo f nucleosome B of a
in vivo are mediated by the reduction of AR levels, phased array of nucleosomes positioned along the LTR
© 2000 Academic Press [8, 9]. During glucocorticoid stimulation, the region

Key Words: androgen receptor; cyproterone acetate; encompassing nucleosome B becomes DNase I hyper-

hydroxyflutamide; flutamide; chromatin; transcrip- sensitive and accessible to restriction enzymes, indicat-

tion; MMTV promoter. ing changes in the chromatin structure of this pro-
moter [8, 10, 11]. This remodeling event is
accompanied by recruitment of transcription factors

INTRODUCTION such as NF1 and Oct 1 to the MMTV promoter down-
stream of the HRE [12, 13]. Interestingly, although the

Androgens play an important role in male develop- glucocorticoid receptor (GR) and the AR can efficiently
ment and the maintenance of the male sexual pheno- stimulate these events, the progesterone receptor (PR)

and mineralocorticoid receptor (MR) are substantially' To whom correspondence and reprint requests should be ad- less effective [14-17], leading to the idea that restric-
dressed at Department of Oncology, Vincent T. Lombardi Cancer

Center, Research Building, E307, Georgetown University, 3970 Res- tion of HRE function by chromatin structure might
ervoir Road, Washington, DC 20007. Fax: (202) 687-4821. play a role in steroid-specific responses.

0014-4827/00 $35.00 160
Copyright © 2000 by Academic Press

All rights of reproduction in any form reserved.



ANTIANDROGEN EFFECTS ON MMTV CHROMATIN/TRANSCRIPTION 161

We have previously determined in mouse L-cell fi- the incubation mix the genomic DNA was purified by extraction with

broblasts that a large portion of the induction of the phenol/chloroform. The isolated DNA was subsequently analyzed by

dMMTV promoter is indirect via androgen- linear amplification (30 cycles) of the purified DNA with Taq poly-
integrated Mmerase and a specific primer for the MMTV promoter (position +64
induced increases in AR levels [18]. Induction of AR to +81). The genomic DNA (10 /Lg) was incubated with 5 U Taq

levels also explains some of the synergistic increase in polymerase (Boehringer), 1 ng 32P end-labeled primer, and 0.2 mM

androgen-induced MMTV promoter activity in the each of dATP, dCTP, dGTP, and dTTP. The PCR reaction products

presence of the histone deacetylase inhibitor trichosta- were purified by extraction with phenol/chloroform, precipitated
with ethanol, separated on a 8% polyacrylamide denaturing gel, and

tin A (TSA) [191. In the present study, we elucidate at analyzed by autoradiography.
which point during androgen induction of MMTV tran- Western blot analysis. For the AR Western blots, 29+ cells were

scription antiandrogens exert their effects. Our results treated with 10 nM DHT and/or various concentrations of CPA, F,

indicate that antiandrogen inhibition of androgen-in- and OHF for 24 h. At the end of treatment, the cells were washed

duced changes in chromatin remodeling and transcrip- twice with PBS and harvested with a cell scraper and whole cell

tion from the MMTV promoter can be exerted by pre- lysates were prepared as described previously [18]. Fifty micrograms
of protein was electrophoresed on a 7.2% SDS-polyacrylamide gel

venting increases in AR protein levels, and then transferred to a nitrocellulose membrane. The membrane
was incubated for 16 h at room temperature with 5% nonfat milk in

MATERIALS AND METHODS PBST (PBS/0.05% Tween 20) followed by washing once for 15 min
and twice for 5 min with PBST. The membrane was then incubated

Cell lines. The cell line 29+ was derived from mouse L-cell fibro- for 1 h at room temperature with primary antibody against the AR

blasts, which had been selected for spontaneous resistance to glu- (CUS 280, Schering AG), washed as described above, and incubated

cocorticoids [20]. These parental cells contain no GR, PR, or MR [20] for 1 h with a secondary antibody-peroxidase conjugate (2000-fold

but express the endogenous AR [21]. The plasmid pMMTV-CAT was dilution in PBST). After washing, the membranes were incubated for

stably integrated into these cells by cotransfection with pSV2 NEO 1 min with ECL detection solution (Amersham) and then exposed to

and selection with G418 (400 gg/ml) (GIBCO/BRL), resulting in the film. Quantification was carried out using densitometry.

cell line 29+. This cell line harbors approximately 20 copies of the
MMTV-CAT integrant [21]. The cells were cultivated in IMEM sup- RESULTS
plemented with 1% charcoal-stripped FCS, 2 mM glutamine, 1%
penicillin/streptomycin, and 400 /ig/ml G418. All hormone treat- Inhibition of Androgen-Induced Transcription of the
ments were carried out in charcoal-stripped serum. Integrated MMTV Promoter by Cyproterone Acetate,

Hormone inductions and CAT assay. For the hormone induction Intated M yPromt bCpt e ron e ACetae
experiments, the cells were treated for 24 h with various concentra- Flutamide, and Hydroxyflutamide in 29± Cells
tions of CPA, F, and OHF in the presence or absence of DHT. Cells In order to elucidate the effects of CPA, F, and OHF
were then washed twice with PBS, resuspended in 0.1 M Tris-HC1,
pH 7.8, and lysed by three freeze-thaw cycles and the transcriptional on androgen-mediated transcription in the context of
activity was measured by CAT assay. The CAT assay was performed chromatin, we analyzed their effects on transcriptional
by the method of Neumann et al. [22]. In short, 50 1l of the protein activation and chromatin remodeling on the integrated
solution (40 lig) was added to 200 td of reaction buffer (1.25 mM MMTV promoter in 29+ L-cell fibroblasts.
chloramphenicol, 100 mM Tris-HC1, pH 7.8, 0.125 mM acetyl coen- First, we established whether these drugs are able to
zyme A, 35 pmol [acetyl-3 H]coenzyme A (0.1 mCi/ml, DuPont NEN)).
The reaction mix was overlayed with 2 ml scintillation fluid inhibit androgen receptor-mediated activation of the
(Econofluor-2, DuPont) and radioactivity in the scintillant was de- integrated MMTV promoter. We induced these cells
termined after 4 h when production rate of the acetylation product with 100 nM DHT for 24 h in the presence or absence
was linear. of 10 AM CPA, 1 AM F, or 1 AM OHF and measured

RNA analysis. 29+ cells were treated with 10 nM DHT and/or CAT activity as described under Materials and Meth-
various concentrations of CPA, F, and OHF for 24 h. Total cellular
RNA was isolated as described previously [16] and subjected to $1 ods. As Fig. 1 shows, we observed a six- to sevenfold
nuclease assay [16]. The CAT-specific probe used in this assay was increase of CAT activity after DHT induction compared
generated by multiple rounds of Taq polymerase extension from an to nontreated cells. Induction of the cells with DHT in
antisense CAT-oligonucleotide (5' TCCAGTGATTTTTTTCTCCAT the presence of CPA or OHF resulted in a 70 or 50%
3') using SstI-digested pMMTV-CAT [23] as a template. The actin- reduction in CAT activity, respectively (Fig. 1). Co-
specific probe and the actin template have been described previously
[16]. Extension was carried out in the presence of [a-32P]dATP in a treatment of the 29+ cells with F showed no significant
Hybaid Omnigene apparatus for 30 cycles. The full-length extension inhibition of DHT-induced CAT activity (see Fig. 1),
product was gel purified. After hybridization with RNA samples, S1 consistent with its lack of activity in transient assays
nuclease digestion was performed for 1 h at room temperature. [3]. We concluded from these data that CPA and OHF
Digestion products were separated on an 8% denaturing urea gel are able to inhibit DHT-induced transcription of the
that was exposed to Phosphorimager screens. Quantification was
carried out using ImageQuant software (Molecular Dynamics). integrated MMTV promoter in a manner similar to the

Analysis of chromatin structure by in vivo restriction enzyme hy- inhibition of androgen-induced CAT transcription of
persensitivity. The in vivo restriction enzyme hypersensitivity as- the transiently transfected MMTV promoter as shown
say was performed as described previously [18]. In brief, cells were previously [3, 41.
treated with 10 nM DHT in the presence or absence of 10 p.M CPA, Surprisingly, when we treated 29+ cells with 10 AM
1 ptM F, or 1 gM OHF for 24 h. After harvesting the cells, the nuclei CPA, 1 AM F, or 1 AM OHF in the absence of DHT, no
were purified, resuspended in 50 gl digestion mix (200 U SstI per 1 F
108 cells, in 10 mM his tris propane, pH 7, 10 mM MgC12, 1 mM DTT) significant increase of CAT activity was observed. Pre-
and incubated for 15 min at 30'C. After proteinase K treatment of vious studies with these compounds utilizing a tran-
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10 sensitivity assay that we have described previously
8 TT[18] (outlined in Fig. 3A). This primer extension assay

measures the enhanced accessibility of DNA to SstI in
the nucleosome B region of the MMTV promoter after

4- hormone treatment (Fig. 3A). We induced 29+ cells for
24 h with 10 nM DHT in the presence or absence of 10

PC 2,"s- tM CPA, 1 ttM F, or 1 jiM OHF and measured chro-0 matin remodeling as described under Materials and
- + + DHT Methods. We observed a fourfold increase in chromatin

CPA remodeling after DHT induction that was reduced to
.. . .. + OHF basal levels after cotreatment with CPA or OHF (Figs.
. . .-. + F 3B and 3C). Consistent with its lack of effect on CAT

FIG. 1. Inhibition of androgen-induced CAT transcription of the mRNA transcription, F was not able to inhibit chroma-
integrated MMTV promoter by cyproterone acetate, flutamide, or tin remodeling. The inhibition of chromatin remodeling
hydroxyflutamide. 29+ cells were induced for 24 h with 10 AM CPA, by CPA and OHF are consistent with the effects on
1 ttM F, or 1 AM OHF in the presence or absence of 100 nM DHT and transcription observed above (Figs. 1 and 2).
harvested. CAT assays were performed on cell lysates as described
under Materials and Methods. Results are representative of three Effects of Antiandrogens on AR Levels
independent experiments.

In previous studies we showed that the degree of
transcriptional activation and chromatin remodeling of

sient transfected MMTV promoter showed partial an- the integrated MMTV promoter is correlated with hor-
drogen receptor agonist activity of CPA and OHF [3, 41. mone receptor levels [181. In addition, effects of a his-
These differences might be due to a different threshold tone deacetylase inhibitor (trichostatin A) on transcrip-
for CAT activation from the transiently transfected
and stably integrated templates or caused by the dif-
ferent cell types used. Since the CAT response is de- A
pendent on both CAT mRNA and protein accumula- T + CPA- - - - - - CPA
tion, we also determined CAT mRNA changes as a
more accurate measure of transcriptional activity at +.. F
the MMTV promoter. CAT mRNA levels were quanti- .......... 4 CAT
tated using a S1 nuclease protection assay after induc- CAT
tion of the 29+ cells with 100 nM DHT for 24 h in the
presence or absence of 10 jiM CPA, 1 ttM F, or 1 tkM
OHF. The repression of the DHT-induced CAT mRNA Act
levels by CPA and OHF was 60-80%, which is similar
to the repression we observed when measuring CAT
transcription (Fig. 2 compared to Fig. 1). In cells B
treated with antagonist alone, we detected CAT mRNA 12
levels that were comparable to the CAT mRNA levels 10 _
in cells without hormone treatment. 8

S6
Effects of Androgen Antagonists on MMTV 4

Chromatin Remodeling 2- T

Next we addressed the question whether the block- O
age of androgen-induced transcription by androgen an- - ÷ I - - - Diff

tagonists is accompanied by changes in the chromatin +- -- - .- CPA
structure of the HRE. One possibility is that the inhi- . ÷ - - + Oni
bition of transcription by CPA or OHF was caused by . . . . - - * F
the inability of the antagonist-bound AR to open chro- FIG. 2. CAT RNA analysis from 29+ cells. (A) Cells were induced

matin. Another possibility is that the antagonist/AR for 24 h with 10 gM CPA, 1 jiM F, or 1 ttM OHF in the presence or

complex was able to bind to DNA and open chromatin absence of 100 nM DHT. After cell harvest, total RNA was isolated

but was not able to activate transcription. To identify and subjected to S1 nuclease analysis as described under Materials

the mechanism by which CPA, F, and OHF mediate and Methods. (B) Quantification of the S1 analysis. Levels of CAT

their antagonist effects, we tested whether these drugs mRNA were normalized to those of actin mRNA for each sample.
Fold inductions for normalized CAT mRNA were calculated relative

modulate DHT-induced chromatin remodeling of the to the untreated control sample. The mean ±SD from two indepen-
MMTV promoter. We used a restriction enzyme hyper- dent experiments is shown.
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A changing AR levels. To test this hypothesis, we induced
Sst 1 29+ cells with DHT alone or in combination with CPA,

CAT F, or OHF for 24 h and subsequently measured AR
/ -Homone levels by Western blot analysis. We found that CPA

and OHF inhibited DHT-mediated elevation of AR lev-
Nuc B Nuc A els while treatment of the cells with these antagonists

alone did not change AR levels significantly. While F

Sst I alone did not change AR levels it inhibited slightly
CAI' DHT-mediated elevation, although to a much smaller

Hro extent than CPA or OHF (Figs. 4A and 4B). This re-

Nue B Nuc A duction of AR levels is probably not sufficient to block
DHT-induced effects on MMTV transcription and chro-

+64 * +81 matin remodeling as seen above.
Primer

B Time Course of Antiandrogen Effects on the MMTV
S •Promoter

It has been shown previously [15, 18] that other
+ .. .. steroids such as glucocorticoids can cause a rapid, tran-

CPA sient increase in MMTV transcription and chromatin
0- - - remodeling with effects returning to basal levels after24 h of hormone treatment. It was therefore possible

C that antiandrogens had similar rapid effects on MMTV
at time points prior to 24 h, as shown in Figs. 2-4. We

. 8 therefore examined AR protein levels as well as tran-
6 .T scriptional and chromatin effects in the presence or

I •absence of antiandrogens at earlier time points. After
44 1 h of androgen or antiandrogen treatment we saw no

change in CAT mRNA, chromatin remodeling, or AR
levels relative to the control (Figs. 5A-5C; open bars).

0 - DT This was not due to inactive compounds since cells
4. . . + 4CPA treated in parallel for 24 h were fully responsive to

+ + - androgens and antiandrogens (Figs. 5A-5C; solid
. ... . . + OF bars). The earliest time point at which we have de-

F +tected an increase in AR levels after DHT treatment

FIG. 3. Chromatin remodeling of the MMTV promoter by the AR. was after 3-6 h and at this time point we saw the same
(A) Diagram of the proximal part of the MMTV promoter, indicating pattern of responses to antiandrogens and androgens
the relative positions of nucleosomes A and B [8]. The HREs are all as we did at 24 h (not shown). We conclude therefore
positioned within nucleosome B, which is remodeled and becomes
hypersensitive to restriction enzyme (SstI) cleavage during androgen that at no time point during the antiandrogen treat-
treatment. The cleavage site of the restriction enzyme SstI in nu- ment did these compounds mimic DHT effects and that
cleosome B is indicated as is the position of the primer used to their major mechanism of androgen antagonism in
generate the 190-bp extension product in the in vivo restriction these cells is by inhibiting androgen-induced increases
enzyme hypersensitivity assay. (B) Chromatin remodeling of the
MMTV promoter by the AR in the cell line 29+. Cells were induced in AR levels.
for 24 h with 10 /LM CPA, 1 tLM F, or 1 jiM OHF in the presence or
absence of 10 nM DHT. Nuclei were isolated and SstI access to the DISCUSSION
MMTV promoter was determined as described under Materials and
Methods. (C) Quantification of the in vivo restriction enzyme hyper-
sensitivity assay. The data represent the ratio of the intensity of the In the present study we have determined that anti-
primer extension product determined by densitometry for hormone- androgens can effectively inhibit DHT induction of an-
and/or hormone antagonist-treated cells versus untreated cells at drogenic responses in mouse L-cell fibroblasts. We
each time point. The mean ±SD from two independent experiments have previously observed that a major component of
is shown. the androgen induced increase in MMTV transcription

is due to DHT induction of AR levels, presumably
tion and chromatin remodeling also correlated well through increased expression of a gene involved in
with changes in AR levels in mouse L-cell fibroblasts androgen receptor gene expression [18]. In the present
[19]. We speculated, therefore, that one major mecha- study we show that induction of this gene is effectively
nism through which CPA and OHF act on MMTV pro- inhibited by antiandrogens so that the amount of AR in
moter transcription and chromatin remodeling is by the cells remains very low in the presence of DHT.
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A between the AR and its coactivator ARA70 and en-
... 4- AR hance AR transcriptional activity in cotransfection ex-
- + + - - irr periments with AR and ARA 70 or ARA 55 in DU145
-- - - CPA cells [26, 27] but not with the AR coactivator ARA 54

OHF [28]. It will be interesting to determine which of the
-- - -F general or androgen-specific cofactors are involved in

B mediating antiandrogen and androgen effects on chro-
8- matin and transcription in vivo.

Finally, although inhibitory cross-talk between ste-
6- roid antagonist and agonist receptor complexes has

a •been described [291, this would be limited in the case of
4, antiandrogens since the absolute amounts of antian-

S2- drogen receptor complex in the cell would be main-
tained at very low levels. However, inhibitory cross-
talk may come into play in cells in which the

+ + + + DlfT endogenous AR levels are constitutively high.
- - + PA

- *+ + - O11?
-4 + - - F A 12 -

FIG. 4. Changes in the AR protein levels in 29+ cells after 10
treatment with cyproterone acetate, flutamide, or hydrokyflutamide . I
in the presence or absence of DHT. (A) Western blot analysis of the 8
AR from whole cell extracts at 24 h after treatment with 10 gM CPA, a 6
1 gM F, or 1 kM OHF in the presence or absence of 100 nM DHT. (B) • 4
Quantification of the AR levels from the Western blots in (A). The
mean ±_SD from two independent experiments is shown. 2

Clearly the antiandrogens effectively prevent the in- B 7

crease in AR levels, which is a prerequisite for a robust
androgenic response from the MMTV promoter. This
suggests that antiandrogens not only inhibit androgen- 3
induced responses directly by antagonizing HRE con- 2

taining promoters but also indirectly by reducing cel-
lular levels of available AR. 1

A question that follows from this is whether the
androgen antagonist receptor complex directly inter- C 7
acts with the HRE in the context of chromatin. In this 6i
regard it has been shown that the antagonist-bound 5
AR can bind DNA in vitro and activate transcription 4
from a transiently transfected template [3, 41. This .9 3 1
would suggest that the antiandrogen receptor complex 2
can bind directly to the HRE in the context of chroma- 1
tin but is unable to recruit the necessary cofactors to I
accomplish chromatin remodeling or transcription. In - + + + - - - DHT
this sense antiandrogens used in this study would be - + + - - CPA
analogous to type II glucocorticoid receptor antagonists . ..- + - OF
that form a complex with the GR, bind to the HRE, but -- + - 4- F
are unable to remodel chromatin or induce transcrip-tin[24]. In contrast the RU486-bound PR, which is FIG. 5. Comparison of antiandrogen effects in 29+ cells after
tion [treatment with cyproterone acetate, flutamide, or hydroxyflutamideable to bind to DNA and maintain an open chromatin in the presence or absence of DHT at different time points. Cells were
structure, is still not able to activate transcription [25]. treated as indicated for 1 h (open bars) or 24 h (solid bars) with
The different ability of various steroid hormone recep- antiandrogens and DHT. Concentrations of DHT or antiandrogens
tor antagonist complexes to remodel chromatin or to were identical to those in previous experiments, as described in the
activate transcription is probably related to their abil- legends to Figs. 2-4. Cells were analyzed for changes in (A) CAT

mRNA measured as described in the legend to Fig. 2; (B) chromatin
ity to 'bind different coactivators. For example, it has remodeling as described in the legend to Fig. 3; or (C) AR levels as
been shown that CPA or OHF promote the interaction described in the legend to Fig. 4.
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