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Abstract

To better understand androgen action in normal
prostate cells, we characterized the androgen growth
response of an immortalized nontumorigenic rat
prostate cell line called CA25 that had been stably
transfected with androgen receptor (AR) cDNA.
Surprisingly, we found that AR(+) CA25 cells grew
slower in the presence of dihydrotestosterone (DHT),
whereas the growth of AR(—) CA25 cells was not
affected by the hormone. DHT-mediated growth
inhibition of CA25 cells was not attributable to an
increase in apoptosis but rather to a morphological
conversion consistent with terminal differentiation.
Specifically, we found that DHT treatment of CA25 cells
resulted in a striking change in cell architecture,
localization of desmoplakin to cell-cell boundaries, and
an increase in a6p integrin levels, a newly described
marker of cell differentiation. Although no androgen-
dependent changes were observed in the transcript
levels of the mitochondrial aspartate aminotransferase
or c-Myc genes by Northern blot analysis, RNA
expression profiling of DHT-treated CA25 cells
identified 282 genes of 1,018 that were continually
expressed over a 48-h period. It was found that 63 of
these genes were up-regulated >5-fold within the first
4 h of treatment and encoded functions involved in
transport, signal transduction, and metabolism. These
expression profile data are consistent with the striking
morphological changes we observed in DHT-treated
CA25 cells and provide a starting point for molecular
analysis of in vitro prostate cell differentiation.
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Introduction

The most popular tissue culture models for studying andro-
gen effects on prostate cell growth have been derived from
prostate cancer tumors (1). However, results obtained from
these prostate cancer cell models have been contradictory
because of differential effects of androgens on cell culture
growth. The generally accepted model is that androgens
cause increased proliferation of prostate cancer cells and
that androgen withdrawal has the potential to inhibit growth
and induce apoptosis (2-4). This model largely results from
the observation that reduction of androgen level by castra-
tion leads to a rapid shrinkage of the prostate organ, primar-
ily because of luminal cell apoptosis. One way to understand
the role of androgens in this luminal cell response is to use
transplantation models to distinguish between the contribu-
tion of epithelial and stromal cell compartments to prostate
cell growth. For example, Gao et al. (5) have recently re-
ported results from studies using normal adult prostate ep-
ithelium of human and rat origin implanted into nude mice.
Data from these experiments support earlier work from
Cunha et al. (6), suggesting that androgen control of prostate
cell proliferation is complex and may involve both autocrine
and paracrine signals.

There are several examples in which hormone activation of
the AR* can actually lead to growth inhibition of prostate
cells. The PC-3 cell line is derived from a prostate carcinoma
and does not express AR (7, 8). Interestingly, ectopic expres-
sion of AR cDNA can lead to slowed growth in these cells in
response to androgens (9-11). Perhaps the most widely
used human prostate cell line is LNCaP, which expresses a
mutated AR that has reduced ligand discrimination (12-17).
LNCaP cells typically grow poorly in the absence of andro-
gen and are usually maintained in medium containing hor-
mone (18). However, propagation of these cells for an ex-
tended period of time in hormone-free medium results in the
outgrowth of a variant cell line not dependent upon andro-
gens for enhanced proliferation. Interestingly, it was found
that androgen treatment of this LNCaP variant resulted in
decreased cell growth (19), suggesting that AR functions
were intact, although with an altered transcriptional re-
sponse.

The ability of androgens to mediate growth suppression in
some prostate cell lines may reflect the dual role of andro-
gens in first directing proliferation for growth of the prostate,
then in maintaining the differentiated state of the prostate
cells in the mature organ. This was demonstrated by Miros-
evich et al. (20) when they measured the proliferation of
prostate cells in three experimental groups of mice: group 1,

4 The abbreviations used are: AR, androgen receptor; DHT, dihydrotest-
osterone; luc, luciferase; MMTV, mouse mammary tumor virus; TUNEL,
terminal deoxynucleotidyl transferase-mediated nick end labeling; STS,
staurosporine; PVDF, polyvinylidene difluoride; mAAT, mitochondrial as-
partate aminotransferase; rlu, relative light unit(s).
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normal/intact mice; group 2, castrated mice; and group 3,
castrated mice injected with testosterone. The researchers
recapitulated and confirmed results from other animals
showing that the proliferation rate of prostate cells (percent-
age of cells replicating DNA) in both normal and castrated
mice was very low. Injecting castrated animals with testos-
terone resulted in an increase in the number of cells prolif-
erating until a peak was reached after 24-48 h. At this point,
the rate of proliferating cells gradually dropped back down to
normal/intact animal levels by 144 h. Indeed, cells that were
morphologically identified as differentiated were not prolifer-
ating. These results from tissue culture and whole animal
studies suggest that androgens do not exclusively promote
proliferation but under certain circumstances may also inhibit
proliferation of prostate cells.

To better understand androgen control of prostate cell
growth, we have established a number of immortalized cell lines
from rat ventral prostate tissue (21, 22). One such cell line,
called C1.1, was immortalized in steroid-free medium using
prostate tissue isolated from a 14-day castrated rat. C1.1 is
nontransformed, has a cuboidal epithelial morphology in ste-
roid-free medium, and expresses cytokeratin markers consist-
ent with basal epithelial cells (21, 23). Because C1.1 is AR
negative, a derivative was established called CA25, which con-
tains an AR cDNA expression cassette linked to a hygromycin
resistance gene (22). In this report, we have used the AR-
positive (AR+) CA25 cell line as a model of normal, nonmalig-
nant prostate cells to study the effects of androgens on in vitro
prostate cell growth and differentiation.

Results

AR Expression in the CA25 Cell Line and Its Derivatives.
Our lab previously established a panel of cell lines by stable
transfection of primary rat ventral prostate cells with an SV40
large T antigen expression gene (21). Notably, although the
initial population of primary prostate epithelial cells was AR
positive, none of the resulting immortal lines expressed de-
tectable AR protein. As shown in Fig. 1, the original CA25 cell
line was created by stably expressing AR cDNA in the AR-
negative C1.1 cells (22). Early-passage cultures of CA25 cells
(CA25ep) were found to grow slower in the presence of
androgens than in steroid-free medium.® Long-term culturing
of CA25ep gave rise to a population of cells the growth of
which was no longer affected by DHT and in which an AR-
responsive reporter gene was only weakly activated, indicat-
ing a loss of AR expression.® The resulting AR(—) population
is referred to here as CA25(—) (Fig. 1).

The reduced level of AR protein detected in CA25(—) cell
extracts could result from all of the cells in the population
expressing low levels of AR or by having only a minority of
the subpopulation of cells expressing levels of AR compa-
rable with the original CA25ep culture. The CA25 cells were
originally established using an AR expression plasmid that
contained a hygromycin resistance gene linked in cis to the
AR expression cassette. If a subpopulation of cells still ex-

5 D. Gordon, unpublished results.
6 D. Gordon and D. C. Whitacre, unpublished results.
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Fig. 1. Progression of AR expression in the C1.1 and CA25 cell lines.
C1.1 was originally established from normal rat ventral prostate cells and
was AR negative (21). The AR-positive CA25ep cell line was generated by
establishing a stable cell line with an AR expression cassette containing
the Hygro™ gene (22). After long-term culture in medium lacking hygro-
mycin, AR expression levels were found to have decreased dramatically in
the CA25 cell population based on Western blots. This AR-negative cell
line is referred to as CA25(—). Reselecting the CA25(—) cell population of
cells in hygromycin-containing medium led to isolation of an AR-positive
cell population referred to as CA25s.
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Fig. 2. AR expression and function in CA25s cells. A, Western analysis of
AR expression. Equal protein levels of whole cell extracts were detected
with an anti-AR polyclonal antibody. The cell line source is indicated
above each lane. B, induction of a luc reporter gene by AR. C1.1, CA25(—),
and CA25s cells were transfected with the MMTV-luc reporter plasmid,
and luc activity was measured in lysates of control cells and cell growth
in 107 m DHT. Fold induction is calculated by dividing luc activity in
treated lysates by activity in control lysates. Bars, the SD of two separate
samples.

pressed a high level of AR, we predicted that we would be
able to reestablish a CA25-derived cell line with high AR
expression by selecting the population with hygromycin. A
derivative cell line was created by selecting CA25(—) cells for
3 weeks in 330 units/ml hygromycin, a concentration that
kills the parental C1.1 cell line. The resulting CA25s (CA25-
selected) cell line was tested for AR expression by Western
blot analysis, and the results are presented in Fig. 2A. No AR
protein was detected in C1.1 extracts, and only a faint M,
110,000 band, corresponding to unphosphorylated AR, was
detected in CA25(—) cells. Two protein bands corresponding
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Cells. Androgens induce a transcriptional response by bind-
ing to and activating the AR, a member of the nuclear re-
ceptor superfamily (24, 25). The CA25(—) and CA25s cell
lines provided an ideal system in which to test the effects of
AR activation on prostate cell growth, because the two cell
types are recently derived from a common population of
cells, with the major difference being AR expression. Cells
were counted, and equal numbers were plated in charcoal-
stripped medium, with half of the samples supplemented
with 1 um DHT. Cells were counted at 4, 6, and 9 days after
the start of androgen treatment. Growth of the AR-negative
CA25(—) cells was unaffected by the presence of DHT in the
medium, because equal numbers of cells were found on
treated and untreated plates at each time point (Fig. 3, left
panel). The same was true of the parental C1.1 cell type (data
not shown). The AR-expressing CA25s cells grew slower in
the presence of 1 um DHT than in its absence with ~90%
fewer cells on the DHT-treated plates after 9 days (Fig. 3,
center panel). No differences were observed between treat-
ments in regard to the number of cells that detached from the
culture dish, with few floating cells observed in any of the
culture dishes.

To test whether the observed growth repression was spe-
cific to prostate cells, we repeated the above experiment in
a liver-derived cell line. The MAR23 cell line expresses a high
level of functional AR and was established in our lab by
stably transfecting the HTC-M1.19 hepatocyte cell line with
the same AR cDNA used to construct CA25 (22). As shown
in Fig. 3, we found that culturing MAR23 in the presence of
DHT had no effect on cell proliferation. Similarly, two other
non-prostate cell lines containing stably transfected AR
cDNA, one derived from Rat 1 cells (RA1) and the other
from Hela cells (HA40), were also not growth-regulated by

%

Fig. 4. DHT dose response for CA25s cell growth. Equal numbers of
cells were seeded onto tissue culture plates as in Fig. 3. After 9 days, cells
were counted, and averages were plotted. Bars, the SE for at least three
separate experiments.

DHT.” Taken together, these data suggest that the ob-
served AR-mediated growth control of CA25s cells was
cell type selective.

To test the possibility that the observed DHT-mediated
growth inhibition of CA25s might be attributable to pharma-
cological levels of hormone (1 um), we grew CA25s cells in
DHT concentrations spanning seven orders of magnitude.
We tested DHT concentrations between 1 um and 1 pwm,
which includes the observed ECg, of the AR-responsive
MMTV promoter (26, 27). Equal numbers of CA25s cells were
plated in charcoal-stripped medium, and appropriate plates
were supplemented with DHT to a final concentration of
1072 to 10 ® m. As shown in Fig. 4, there were fewer cells
after 9 days on DHT-treated plates compared with untreated
plates. The DHT concentrations between 107 and 10 ° m
had an equal affect on the growth of CA25s cells, and 10~ 1°
m DHT slowed growth of the cells but was less potent than
higher concentrations. The DHT concentrations of 10~ 1! and
1072 m did not affect CA25s growth (Fig. 4). We conclude
that a concentration of DHT as low as 107° m is capable of
inducing slowed growth in this cell line, and no concentration
of DHT was found to enhance growth of the CA25s cells.

The CA25s progenitor cell line C1.1 was established from
a castrated animal and maintained in charcoal-stripped me-

7 D. Gordon and R. L. Miesfeld, unpublished data.
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dium containing the androgen antagonist RU23908 (21). To
test whether the growth of the CA25s cells was affected by
RU23908, cells were treated with 107® m RU23908 and
counted after 9 days in culture. There were consistently more
cells on RU23908-treated plates than on untreated plates in
each 9-day experiment, although the difference was below
statistical significance (P = 0.47). Nevertheless, it is possible
that the androgen antagonist is blocking low-level activation
of AR because of residual levels of hormone in the charcoal-
stripped medium.

Differences in Cell Number Are Not the Result of Ap-
optosis. The cell growth assays demonstrated that there
were fewer cells on DHT-treated CA25s plates than on un-
treated plates. This could result from a decrease in prolifer-
ation rate or from dying cells. AR is known to affect apoptosis
in both normal and prostate cancer cells, and activation of
AR is normally associated with suppression of apoptosis (28,
29). The closely related glucocorticoid receptor can both
promote and suppress apoptosis, being an inducer of apo-
ptosis in eosinophil cells and a suppressor of apoptosis in
neutrophil cells (30-34). To test whether apoptosis was oc-
curring in DHT-treated CA25s cells, we assayed for apopto-
sis after 4 and 7 days in 10~ m DHT using TUNEL (35). As a
positive control for apoptosis, we treated the control cells for
16 h with 450 nm STS, a potent inducer of apoptosis.

As shown in Fig. 5A, there was no increase in the apparent
number of apoptotic cells after 4 or 7 days of DHT treatment.
In contrast, STS treatment induced apoptosis in CA25s cells,
as evidenced by the appearance of brightly stained nuclei. In
a separate experiment, we examined cells after 1-, 2-, and
4-day time points, and no increase in apoptotic cells was
observed as a result of DHT treatment (data not shown). It
has been shown that androgen withdrawal induces some of
the prostate cells in rats to undergo apoptosis in vivo (29, 36).
To test whether the CA25s cells might respond similarly, we
grew them in 10~ m DHT for 14 days and then withdrew the
DHT for 4 and 7 days and observed the level of apoptosis in
the cells using TUNEL (Fig. 5B). Although we found no evi-
dence of apoptosis after 4 days postwithdrawal, we ob-
served the appearance of TUNEL-positive cells after 7 days
of DHT withdrawal. The staining was the most pronounced
among groups of large cells. These data suggest that the
observed decrease in CA25s cell proliferation in DHT-
containing medium is not attributable to apoptosis (Fig. 5A),
and moreover, that withdrawal of DHT after prolonged ex-
posure induces apoptosis in some CA25s cell colonies.

AR Activation Induces Morphological Differentiation.
During culturing and manipulation of the CA25s cells, it had
been noted that androgen treatment caused many of the
cells to develop a morphology reminiscent of columnar ep-
ithelial cells. As shown in Fig. 6, cells can be identified in
DHT-containing medium that have markedly large cytoplas-
mic volumes. This type of cell morphology is rarely seen in
charcoal-stripped medium, whereas in DHT-containing me-
dium, they can often be observed in the center of individual
colonies that are surrounded by a ring of cuboidal cells. This
morphological conversion in a population of cells displaying
androgen-dependent growth repression suggested that the
cells might be differentiating in response to hormone. One
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Fig. 5. TUNEL apoptosis assay for DHT-treated cells. Equal numbers of
cells were allowed to attach to sterile coverslips in charcoal-stripped
growth medium. Coverslips were mounted on slides and thoroughly ex-
amined for the occurrence apoptotic cells, based on both staining and
morphology. A, CA25s cells were grown in the absence of treatment, or
107% m DHT was added to the growth medium 4 or 7 days before the
apoptosis assay. As a positive control, 450 nm STS, a potent inducer of
apoptosis, was added 16 h before the assay. B, CA25s cells were grown
for 2 weeks in the presence of 107¢ m DHT, then transferred to a sterile
coverslip, and DHT was withdrawn. Cells after 4 and 7 days of DHT
withdrawal are shown.

characteristic of differentiated epithelial cells is the presence
of desmosomes that connect the cell membrane to interme-
diate filaments as a way to help maintain cellular shape (37).
Because desmosomes form at cell-cell junctions, formation
of these structures can be detected by membrane localiza-
tion of desmosome components, such as the cytoplasmic
plaque component desmoplakin.

To test whether CA25s cells formed desmosomes in re-
sponse to androgen treatment, cells were grown on fibronec-
tin-coated glass coverslips and stained with a fluorescently
tagged anti-desmoplakin antibody. In the absence of hor-
mone, the cells are typically small with diffuse, cytoplasmic
desmoplakin staining (Fig. 7, upper left panel). In contrast,
cells grown in 1 um DHT were markedly larger, with desmo-
plakin localized primarily to sites of cell-cell contact (Fig. 7,
upper right panel). This change in subcellular desmoplakin
localization correlates with AR activation based on immuno-
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Fig. 6. Prostate cells displayed altered morphology upon DHT treat-
ment. When CA25s cells grown on tissue culture plates are treated with
DHT, clusters of cells develop a morphology reminiscent of secretary
epithelial cells (arrow).

Desmoplakin §

Androgen
Receptor

Fig. 7. Localization of desmoplakin and AR in control and DHT-treated
CA25s cells. Cells were allowed to attach to fibronectin-coated coverslips
in charcoal-stripped growth medium. Three days after hormone treatment
(107 m DHT), cells were fixed, permeabilized, and stained with fluores-
cently tagged antibodies against desmoplakin (top) and AR (bottom). Bar,
1 pwm.

staining with an anti-AR antibody. As shown in Fig. 7 (lower
panels), AR staining was largely confined to the cytoplasm in
the absence of DHT, consistent with immunofluorescence
data showing that expression of unliganded AR in tissue
culture cells requires steroid treatment for nuclear translo-
cation to occur (38-41). It is interesting to note that AR
subcellular localization in prostate cells in vivo is more het-
erogeneous, showing both cytoplasmic and nuclear staining
in castrated animals (20, 42).

Davis et al. (43) recently reported the existence of a novel
structural variant of the a6 integrin, a6p, and its association
with calcium-induced terminal differentiation of mouse kera-
tinocytes. We tested the possibility that a6p levels might
increase in DHT-treated CA25s cells as an indicator of ter-
minal differentiation. For these experiments, CA25s cells
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Fig. 8. Addition of DHT to rat prostate CA25s cells caused a time-
dependent increase in the a6p integrin variant. The presence of a6 and
abp integrins was determined in rat prostate CA25s cells treated with 1 um
DHT for 0, 24, 48, or 96 h. A, whole cell lysates (15 ng) were electro-
phoresed under nonreducing conditions on a 7.5% polyacrylamide gel
and transferred to PVDF membrane, followed by Western blot analysis
using anti-a6 integrin antibody, AABA (43). B, relative intensities of the a6
and aBp integrin protein bands are presented, based on quantitative
measurement using Scion Image software.

were treated with 1 um DHT for 0, 24, 48, and 96 h. Total
protein was isolated and separated by nonreducing SDS-
PAGE, transferred to PVDF membrane, and probed using an
anti-a6 integrin antibody that is specific for an overlapping
region of the a6 and «a6p integrins. As shown in Fig. 8A, the
full-length a6 integrin protein of M, 140,000 was detected in
all samples, with an increasing amount of the variant a6p
integrin of M, 70,000 appearing at later time points. The film
was scanned, the band intensity was quantitated using Scion
Image software, and the results were graphed (Fig. 8B).
Quantitation of the protein bands demonstrated a time-
dependent increase in aBp total protein levels. After 96 h of
DHT treatment, the a6p integrin variant increased to 210%,
whereas the a6 integrin was only 117% of control. These re-
sults are consistent with the observed morphological changes
associated with AR-mediated growth arrest and suggest that
CA25s cells are undergoing in vitro differentiation.
Androgen-regulated Gene Expression in DHT-treated
CA25 Cells. AR directs cellular processes by controlling
expression of target genes (24). Therefore, we initially exam-
ined the expression of several genes whose levels might be
affected by AR in differentiating prostate cells. We first ex-
amined the expression of the AR cDNA gene construct and
found that it was not affected by DHT. As shown in Fig. 9A,
after 6, 12, and 24 h of hormone treatment, the level of the
3-kb AR cDNA transcript was unchanged. We also examined
the expression of the mAAT gene, which is required for
citrate production in prostate epithelial cells and has been
shown to be induced by androgen via a putative upstream
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Fig. 9. Northern analysis of selected mRNA transcripts in DHT-treated
CA25 cells. A, CA25ep cells were grown in the absence or presence of
DHT for 6, 12, or 24 h. Total RNA was equally loaded and separated on
agarose gels; ethidium bromide-stained 28S rRNA bands are presented.
Northern blots were probed, washed, and reprobed with AR, mAAT, and
histone probes sequentially. B, Northern blot probed for c-myc and his-
tone gene expression using RNA from CA25ep cells grown in the absence
or presence of DHT for 8, 24, or 48 h.

androgen response element (44-46). However, Northern
analysis of mMRNA levels in DHT-treated cells indicated that
mAAT gene transcription is not altered in CA25s cells under
these growth conditions (Fig. 9A). Lastly, because the in-
creased levels of c-myc mRNA are associated with andro-
gen-induced proliferation of primary prostate cell cultures
(47-49), we tested the possibility that androgen-mediated
inhibition of CA25s cell growth might be attributable to de-
creased c-myc levels. As shown in Fig. 9B, we found that the
level of c-myc mRNA was not altered at 8, 24, or 48 h after
treatment with DHT.

To more efficiently identify potential AR-regulated genes in
CA25s cells, we made use of a commercial rat cDNA mi-
croarray to monitor the expression of 1081 genes in CA25s
cells. RNA was isolated from untreated CA25s cells and from
CA25s cells treated with 106 m DHT for 30 minand 1, 4, 12,
24, and 48 h. The RNA was converted to cDNA that was
labeled with the fluorescent dyes Cy3 (untreated cells) or Cy5
(DHT-treated cells). Equal amounts of control and treated
sample were mixed and hybridized to the 1081 rat gene array
(Clontech, Palo Alto, CA). The DHT-induced change in gene
expression was determined by measuring the amount of Cy3
and Cy5 fluorescence on the glass array. We excluded from
further analysis genes for which labeling was not equal at the
0-h time point.

On the basis of results from duplicate hybridization exper-
iments using RNA isolated from CA25s cells after 0, 0.5, 1, 4,
and 24 h of DHT treatment, a subset of 282 genes was
identified to be minimally expressed in CA25s at all five time
points. Of these expressed genes, 63 displayed significant
up-regulation within the first 1-4 h of DHT treatment (Table
1). These genes fall into four distinct functional groups, as
represented by proteins involved in small molecule transport,

membrane signal transduction, intracellular signal transduc-
tion, and metabolic pathways. The gene list in Table 1 is
limited to those showing a >5-fold up-regulation (log, ratio,
>2.3) at 1, 4, or 24 h after treatment. Consistent with recent
reports that p21-activated kinase is an androgen target gene
in prostate cells (50, 51), the expression data in Table 1 reveal
that p21 transcript levels are induced 5-8-fold between 1
and 24 h after DHT treatment. Similarly, several other genes
listed in Table 1 have been reported previously to be ex-
pressed in prostate cancer cells (52-55) and to be associated
with cellular differentiation (56-58).

Discussion

Elucidating the effect that androgens have on prostate cell
growth is a critical issue for understanding the development
and maintenance of the prostate organ under normal condi-
tions and in prostate carcinoma. Most studies to date have
used human prostate cancer cell lines to study androgen
effects on cell growth; however, many of these models lack
expression of fully functional ARs. Our data presented here
using nontumorgenic CA25s cells provide evidence that nor-
mal prostate cells behave differently than prostate cancer
cells with respect to androgen control of cell proliferation.
This androgen growth effect is dependent upon the presence
of activated AR, because the CA25(—) and C1.1 progenitor
cell populations were not affected by DHT (see Fig. 3A and
data not shown). In comparison, the MAR23s hepatocyte-
derived cell line was tested in parallel with the CA25s cell line
and AR activation did not inhibit growth of MAR23s cells,
whereas in every other aspect, these lines behaved similarly
(22). The AR effect on growth was not attributable to phar-
macological hormone levels, because DHT concentrations
between 107° and 10~° m had equivalent effects on growth
(see Fig. 4).

Our results presented here for CA25s cells are very similar
to data reported recently by Ling et al. (51) in which they
show that an immortalized, nontumorgenic human prostate
cell line containing stably transfected AR (HPr-1-AR) under-
goes growth arrest and differentiation in response to andro-
gen treatment. On the basis of altered cytokeratin expression
and a decrease in telomerase activity in response to andro-
gen treatment, the authors proposed that AR-dependent
growth arrest of HPr-1-AR cells may represent the normal
response of prostate epithelial cells to androgens. The fact
that both CA25s and HPr-1-AR are nontumorgenic and re-
spond to androgens by inducing differentiation suggests that
genetic alterations in prostate cancer cells account for the
proliferative response to androgen signaling.

We found that DHT-induced CA25s cell growth arrest was
associated with the expression of two cellular differentiation
markers:

(@) Subcellular localization of the desmosome component
desmoplakin is reorganized in response to DHT from a dif-
fuse cytoplasmic distribution in the absence of DHT to a
pattern of bright fluorescent staining at points of cell-cell
contacts (see Fig. 7). This pattern indicates that DHT treat-
ment induces the formation of desmosomes, a characteristic
cell structure in differentiated epithelial cells (59).
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Table 1 Genes up-regulated in CA25s cells by DHT treatment

Log, ratios
GenBank Gene name
0.5h 1h 4h 24 h
Small molecule transport
AB000113 Amino acid transporter, cationic 3 0.38 2.94 3.09 2.42
U16245 Aquaporin 5 0.49 2.23 2.94 2.27
J03754 ATPase isoform 2, Na*K™ transporting 0.19 2.87 3.48 3.71
uU08344 ATPase, Cu?* transporting 0.55 2.90 3.50 2.42
J02649 ATPase, gastric H,K-ATPase catalytic subunit 0.19 2.72 3.73 2.27
M88751 Calcium channel subunit B3 0.90 3.07 3.64 2.95
M88595 Glycine transporter 0.06 2.46 2.73 2.09
D63149 Kidney oligopeptide transporter 0.09 2.40 2.90 2.49
u76379 Organic cation transporter 0.84 2.29 3.31 2.24
M68880 Potassium channel gene 1 0.65 2.08 2.88 3.10
u77971 Solute carrier family 14, member 2 1.11 4.12 4.04 3.88
J03145 Solute carrier family 2 A2; glucose transporter 0.95 2.52 3.28 2.15
M59786 Voltage-dependent L-type calcium channel 1.00 4.04 419 3.75
Membrane signal transduction
S47609 Adenosine A2A receptor; ADORA2A 0.77 2.91 2.87 2.97
AF010465 B7.1; CD80 antigen 0.40 2.68 3.17 2.87
M59967 Bradykinin receptor B2 1.10 3.71 3.26 3.48
L31619 Cholinergic receptor, nicotinic, a polypeptide 7 1.15 3.33 3.57 2.86
D30795 CD38 antigen; ADP-ribosyl cyclase 0.51 2.85 3.57 2.90
M61875 Cell surface glycoprotein CD44 0.75 2.27 3.21 2.10
M99418 Cholecystokinin B receptor 1.08 4.18 4.27 4.52
X74834 Cholinergic receptor, nicotinic; vy polypeptide 0.88 3.52 3.32 3.16
X61479 Colony stimulating factor 1 receptor 0.28 2.52 2.64 2.16
Z11716 lonotropic kainate 3 glutamate receptor; GRIK3 0.09 2.30 2.22 2.02
U37058 Neuromedin B receptor 0.38 2.98 3.02 3.17
AF005099 Neuronal pentraxin receptor; NPTXR 0.78 2.38 2.79 2.26
AF001423 N-methyl-p-aspartate receptor 2A; NMDAR2A 0.38 2.61 2.89 2.23
L14851 Neurexin Il o 0.17 2.80 3.01 2.34
u00475 Opioid receptor & 1 0.89 2.72 3.64 2.26
M35105 Ros-1 proto-oncogene 0.84 2.1 3.14 2.03
711932 Vasopressin V2 receptor; AVPR2 0.23 2.54 2.38 2.06
M24105 Vesicle-associated membrane protein synaptobrevin 2 0.51 2.77 3.44 2.25
Intracellular signal transduction
S55305 14-3-3 protein y-subtype 0.93 3.87 1.67 2.82
V01228 Calcitonin 0.37 2.65 3.45 3.27
U51898 Calcium-independent phospholipase A2 1.37 4.70 3.26 4.02
L15618 Casein kinase II; o subunit 0.50 2.94 1.05 2.25
AF003926 COUP nuclear receptor; y 1.20 2.35 1.50 2.56
D14839 Fibroblast growth factor 9 1.17 4.28 4.03 411
M38653 Gastrin 0.81 3.18 2.75 2.53
M32167 Glioma-derived vascular endothelial cell growth factor 0.88 2.19 2.52 3.08
J03773 Guanine nucleotide binding protein, « 0.77 2.36 2.22 2.45
D31873 LIM domain kinase 1; LIMK1 0.73 3.21 3.08 2.44
M36074 Mineralocorticoid receptor (aldosterone receptor) 0.02 2.61 2.48 2.38
U23443 p21-activated kinase 1 0.17 2.28 2.34 2.90
D50455 Phospholipase C8 4; PLC-6 4 0.54 2.48 2.51 2.39
M18330 Protein kinase Cé type; PKC-8 0.71 3.62 3.61 3.26
U48248 Protein kinase C-binding protein B 15 1.24 3.75 4.22 3.97
S90449 Protein phosphatase 2C isoform; Mg?* dependent 1.38 3.02 3.29 3.07
D85183 Protein tyrosine phosphatase; SHP substrate 1 0.06 2.57 2.22 2.07
X78605 Ras-related GTP-binding protein 4b 0.78 2.02 2.86 2.02
J02999 Ras-related protein RAB2 1.24 3.64 2.72 3.61
u80076 RIN1; interacts with Ras and competes with Raf1 1.18 3.87 3.27 3.20
L27112 Stress activated protein kinase « Il 0.51 2.48 3.21 2.33
X12744 Thyroid hormone receptor « 1; THRA1 0.20 2.41 2.36 2.06
Metabolic pathways
K03250 40S ribosomal protein S11; RPS11 1.22 3.10 1.64 2.04
U75581 Adipocyte fatty acid-binding protein; A-FABP 1.24 3.14 4.21 3.46
L12380 ADP-ribosylation factor 1; ARF1 0.45 2.24 2.04 2.32
L12381 ADP-ribosylation factor 2 0.11 2.81 2.57 2.31
D38495 Chymase 1, mast cell 0.85 3.74 3.27 3.37
X14209 Cytochrome c oxidase, subunit IV 0.11 2.29 2.63 2.05
M37828 Cytochrome P-450 IVA8; CYP4A8 0.15 2.03 2.80 2.34
J02592 Glutathione-S-transferase Yb2 1.20 3.64 4.00 3.23
U67909 Mast cell protease 6 0.32 2.20 2.28 3.17
U25651 Muscle phosphofructokinase PFKM 1.13 3.51 2.92 3.30

7



8 Androgen Control of Prostate Cell Differentiation

(b) The abundance of a6p, a recently described cellular
differentiation marker (43), was found to increase upon DHT
treatment (see Fig. 8), thus providing further evidence that
AR activation induces differentiation of CA25s cells.

As a means to identify the transcriptional program respon-
sible for AR-dependent morphological differentiation of
CA25s cells, we used expression profiling using a 1081 rat
gene array. Although the number of genes monitored with
this highly selective array represent only a small portion of
the total number of genes in the rat genome, this approach
provided a first step toward a more complete transcriptional
analysis. As shown in Table 1, 63 genes were found to be
significantly up-regulated within the first 4 h of androgen
treatment. The majority of these genes encode proteins in-
volved in signal transduction and small molecule transport,
consistent with a genetic switch from proliferation to differ-
entiation. Follow-up studies are currently underway to deter-
mine which of these genes represent possible AR targets,
with the intent of distinguishing between early events that are
initiated by, or merely associated with, DHT treatment.

Materials and Methods

Cell Culture. Cells were maintained in DMEM supple-
mented with 10% heat-inactivated (55°C), charcoal-stripped
calf bovine serum (HyClone, Logan, UT), 77 units/ml strep-
tomycin (Sigma Chemical Co., St. Louis, MO), and 101
units/ml penicillin G (Sigma). CA25s and MAR23s cells were
grown with 300 pg/ml (330 units/ml; Hygromycin B; Calbio-
chem, La Jolla, CA). Cells to be harvested for immunodetec-
tion of AR were grown in DMEM supplemented with 10%
untreated calf bovine serum and the standard complement of
antibiotics or were treated with DHT prior to harvesting.

Transient Transfection Assay. Transient cotransfections
were performed by cationic lipid mediated transfection (60)
to introduce the AR-inducible pMM-fLuc reporter and
pRL-TK control (Promega, Madison, WI) vectors into cells.
The pMM-fLuc reporter contains the AR-inducible MMTV
long terminal repeat (61) cloned upstream of the firefly luc
reporter gene in the pGL3-Basic vector (Promega). luc as-
says were performed using the Dual-Luciferase Reporter
Assay System (Promega), in which Renilla luc activity is used
as an internal control for firefly luc activity. Each luc activity
was measured in the same reaction vessel using a TD-20/20
luminometer (Turner Designs, Sunnyvale, CA). rlu were cal-
culated by dividing the firefly luc luminescence by its asso-
ciated Renilla luc luminescence. Fold induction was calcu-
lated by dividing rlu of DHT-treated lysates by the rlu of
control lysates.

Cell Growth Assays. Cells were counted, and 2.5 x 10*
were plated on 6-cm tissue culture dishes with 4 ml of
hormone-free medium. DHT (10~° m) was immediately added
to appropriate plates, but Hygromycin was not used during
proliferation assays. Cells were harvested after 4, 6, and 9
days and counted on a hemocytometer. For single-point
growth assays, 2.5 X 10~ * cells were plated per 6-cm tissue
culture dish, and 107%, 1077, or 1078 m DHT or 107° m
RU23908 (Roussel Uclaf) was immediately added. Cells were
harvested and counted after 9 days in culture. Means were
compared by single classification model | ANOVA. Cell num-

ber was not affected by treatment with ethanol carrier. Re-
sults are presented as number of cells relative to the day 9
untreated control plate of each experiment to correct for
variability resulting from differences in the number of cells
plated. The control and treated cells of each experiment were
plated from a common pool, insuring equal numbers at the
start. By dividing each sample by the most abundant and
thus most accurately measured cell count, variability in the
precise number of cells plated between experiments was
divided out.

Immunoblotting. For AR detection, cells were harvested
with trypsin/EDTA, rinsed off the plate with 10% serum-
containing medium, pelleted by centrifugation, and rinsed
twice with PBS. Cell pellets were frozen at —20°C until ready
for use. Cells were lysed by incubating on ice 10 min in RIPA
buffer (1x PBS containing 1% NP40, 0.5% deoxycholate,
and 0.1% SDS) with 1 mm phenylmethylsulfonyl fluoride
(Boehringer Mannheim Corp, Indianapolis, IN) added directly
before use. Samples were cleared by centrifugation at
20,000 X g for 10 min at 4°C and transferred to new tubes,
and protein concentration was determined by BCA assay
(Pierce, Rockford, IL). Equal amounts of protein were sepa-
rated on 7% PAGE gels and transferred to nitrocellulose
(Bio-Rad, Hercules, CA) by electroblotting. Transfer was ex-
amined by Ponceau S staining, and then membranes were
blocked in 3% nonfat milk in TBST (0.05% Tween 20). Pri-
mary rabbit antibody anti-AR, sc-815 (Santa Cruz Biotech-
nology, Santa Cruz, CA), was diluted in 0.3% nonfat milk/
TBST and incubated with the membrane at room
temperature. Membranes were washed three times with
TBST, incubated with a goat anti-rabbit horseradish perox-
idase-conjugated secondary antibody (Life Technologies,
Inc., Gaithersburg, MD), washed six more times with TBST,
visualized with SuperSignal West Pico Chemiluminescent
Substrate (Pierce, Rockford, IL), and detected with BioMax
MR film (Kodak, Rochester, NY). For a6p integrin detection,
cells were lysed directly on the culture dish with RIPA buffer
with a protease inhibitor mixture for mammalian cells (Sig-
ma). Whole cell lysates of 15 ug of total protein were diluted
in 2X nonreducing sample buffer and then boiled for 5 min
before loading onto a 7.5% polyacrylamide gel for analysis.
Proteins resolved in the gel were electrotransferred to Milli-
pore Immobilon-P PVDF membrane (Millipore, Bedford, MA)
and incubated with anti-a6 A integrin antibody AAGA over-
night at 4°C on a rocking platform (43). The following day, the
membrane was incubated with goat-antirabbit secondary for
1 h at room temperature and visualized by chemilumines-
cence (ECL Western Blotting Detection System; Amersham,
Arlington Heights, IL). The membrane was exposed to Kodak
X-Omat film (Kodak, Rochester, NY). Resulting protein bands
were scanned, quantitated using Scion Image analysis soft-
ware, and graphed using Excel software as described pre-
viously (62).

Immunofluorescence. For immunofluorescence micros-
copy, cultured cells on coverslips were briefly washed in PBS
prewarmed to 37°C. Cells were then fixed in —20°C metha-
nol for 10 min and permeabilized using —20°C acetone. Cells
were placed in a humidified chamber and were incubated
with mouse anti-desmoplakin (mixture of clones DPI &ll,
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2.15, 2.17, 2.20; Progen Biotechnik GmbH, Heidelberg, Ger-
many) or rabbit anti-androgen [AR (C-19); Santa Cruz Bio-
technology, Inc.] receptor antibodies in PBS containing 10%
FBS for 40 min. Cells were washed in PBS three times for 5
min, and then appropriate secondary antibody (Jackson Im-
munoResearch Laboratories, Baltimore, MD) was incubated
with the cells in PBS containing 10% FBS for 1 h in the dark.
Cells were washed three times in PBS and then mounted on
the slides using Mowiol. Confocal laser scanning immuno-
fluorescence microscopy was done using a Zeiss LSM 210
or 410 machine. An argon/krypton ion laser operating at 488
and 568 nm was used with a long-pass filter 590 for detec-
tion of Cy3 fluorescence and a band pass filter of 515-540 for
detection of Cy2. RGB images were taken using a scan time
of 8 s and a line average of 8.

Apoptosis Detection. Cells were plated onto six-well
plates and allowed to attach to glass coverslips. DHT (10~ ©
M) was added to wells for the indicated number of days
before processing. To induce apoptosis, 450 nm staurospo-
rine (Sigma Chemical Co.) was added to positive controls
16 h before processing. Samples were assayed using the In
Situ Cell Death Detection Kit (Roche Diagnostics, Mannheim,
Germany). Briefly, air-dried samples were fixed with ethanol:
acetic acid (3:1, v/v) 10 min at room temperature. Coverslips
were rinsed with PBS, laid onto a 20-ul TUNEL reaction
mixture on a glass slide, and incubated in a humidified re-
action chamber in the dark at 37°C for 60 min. Samples were
washed twice with blocking buffer (PBS, 0.1% Triton X-100,
and 0.5% BSA), washed with PBS, and mounted on slides.
Cells were visualized on a Leica Diaplan scope and recorded
on Kodak Elite Chrome 160T film.

RNA Analysis. RNA for Northern blots was prepared from
cell culture pellets by standard techniques using guani-
dinium-thiocyanate lysis and purification on a CsCl cushion
(60). Total RNA was UV cross-linked to Duralon membranes
(Stratagene, La Jolla, CA) and probed as described previ-
ously (63). RNA for analysis by microarray was prepared by
the water-saturated phenol method (60). cDNA was prepared
with gene-specific primers supplied by Clontech, tagged
with Cy3 (control) and Cy5 (experimental) fluorescent dyes
using the Atlas Glass Fluorescent Labeling Kit (Clontech),
and hybridized with the Atlas Glass Rat 1.0 Array (Clontech).
The array slides were dried and scanned for fluorescence
emission using a Gene Pix Scanner (Axon Instruments, Inc.,
Foster City, CA). Gene Pix Pro 3.0 software (Axon Instru-
ments) was used to calculate the log-transformed ratio value
(base 2), which was stored in a table. Multiple observations
for an array element for a single sample were averaged. Only
those genes that showed hybridization at the 0-h time point
were chosen for further analysis. Data distillation to identify
genes listed in Table 1 relied on Cluster and TreeView pro-
grams for hierarchical clustering and analysis.®

8 Michael Eisen; http://rana.lbl.gov/EisenSoftware.htm.
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