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Androgens exert a peculiar biphasic dose-dependent
influence on the proliferation of LNCaP cells, a widely
used model to study androgen effects on prostate can-
cer cells. Low concentrations of androgen stimulate
proliferation, but high concentrations inhibit prolifer-
ation and induce strong expression of differentiation
markers. In order to gain more insight into the molec-
ular mechanisms that underlie these changes we stud-
ied the influence of a wide concentration range of the
synthetic androgen R1881 on several cell cycle- and
differentiation-related parameters. Low concentra-
tions (0.1 nM), known to promote LNCaP cell prolifer-
ation, induce an increase of Retinoblastoma protein
phosphorylation, accompanied by an increase of E2F-1
protein levels and E2F activity and by increased ex-
pression of the E2F-target gene products E2F-1 and
cyclin A. High concentrations of R1881 (10 nM) induce
strong expression of the differentiation marker
prostate-specific antigen. Retinoblastoma protein is
largely hypophosphorylated, resulting in low E2F ac-
tivity and low concentrations of E2F-1 and cyclin A
mRNA. Finally, there is a strong increase of p27<'™*
protein, but not of p27“'™ MRNA. These results indi-
cate that the biphasic dose response of LNCaP prolif-
eration to androgen is closely reflected in Rb phos-
phorylation, E2F activity and p27°'"" protein
exp ression. © 2001 Academic Press
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In Western males prostate cancer is a major cause of
cancer death. The human adenocarcinoma cell line LN-
CaP, an androgen sensitive cell line derived from a
lymph node metastasis of prostate cancer, is widely
used to study the response of prostate cancer cells to
androgens. LNCaP cells display a striking biphasic
growth response to androgens. At low concentrations
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(0.1 nM) of the synthetic androgen R1881 proliferation
is stimulated, as shown by [3H]-thymidine incorpora-
tion and cell number measurements, whereas high con-
centrations (10 nM) inhibit proliferation and further
promote differentiation as shown by strong expression
of differentiation markers, such as Prostate Specific
Androgen (PSA) (1, 2). Only fragmentary information
is available on the molecular mechanisms that under-
lie these changes, since previous reports have focused
on the effects of either very low or very high androgen
concentrations. Knudsen et al. (3) described an in-
crease in the phosphorylation state of Retinoblastoma
(Rb), a key control step in the regulation of cell prolif-
eration, when they treated LNCaP cells with 0.1 nM of
5a-dihydrotestosterone (DHT), a concentration that
promotes LNCaP cell proliferation. Tsihlias et al., on
the other hand, using a 1000-fold higher concentration
of DHT (100 nM) observed a marked decrease of Rb
phosphorylation and inhibition of LNCaP cell prolifer-
ation (4).

In the present study we treated LNCaP cells with a
wide concentration range of androgen and studied
their effect on Rb phosphorylation. In view of recent
reports that hypophosphorylated Rb binds the E2F-1
transcription factor, a major gatekeeper of the transi-
tion from the G1- to S-phase of the cell cycle, and
thereby inhibits its transcriptional activity (5-10) we
also studied E2F activity and E2F1 levels. We show
that the typical bell-shaped dose response curve of
LNCaP cell proliferation is clearly reflected both in the
degree of phosphorylation of Rb and in the activity of
E2F. Moreover, the similarity of the dose response
curves for the induction of p27*'"** and for the disap-
pearance of hyperphosphorylated Rb strongly suggest
that the low degree of Rb phosphorylation observed at
high androgen concentrations is due, at least in part, to
increased expression of this kinase inhibitor.

MATERIALS AND METHODS

Plasmids. Dr. Kouzarides (Cambridge University, UK) kindly
provided pcDNA3-Rb and pcDNA3-E2F-1. The pcDNA3 expression
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constructs for cyclin A and cyclin D1 were a gift from Dr. Nakanishi
(Nagoya City University Medical School, Japan).

DNA manipulations. The E2F reporter construct was generated
by cloning a double stranded oligo containing two E2F binding sites
in the Nhel site of a minimal TK-TATA luciferase reporter vector.
The following oligonucleotides were used: 5'-CTAGCA-
TTTCGCGCAAACTTGACAA TTTCGCGCCAAAGGG-3’ and 5'-
CTAGCCCTTTGGCGCGAAATTGTCAAGTTTGG CGCGAAATTG-
3’. The bold sequences are the E2F consensus sites. The E2F-TK-
TATA luciferase reporter used in the transfection experiments
contained a triple repeat of the double stranded oligonucleotide.

Transfection of LNCaP cells. LNCaP cells were maintained in
culture as described by Swinnen et al. (11). Transfection experiments
were performed using the Transfast transfection reagent (Promega)
according to the manufacturer’s protocol. After 16 h, the cells were
washed with RPMI medium supplemented with 5% fetal calf serum
(treated with dextran-coated charcoal (5% CT-FCS)) and incubated
with 5 ml of RPMI medium containing 5% CT-FCS and the indicated
concentrations of R1881 (methyltrienolone, a synthetic androgen).
Ethanol (EtOH) was used as vehicle at a constant final concentration
of 0.1%. Forty-eight hours (or the time indicated) after addition of the
androgen, cells were collected in 500 pl of passive lysis buffer (Pro-
mega) and assayed for luciferase activity as described by Hofman et
al. (12). Protein concentrations of the lysates were determined as
follows: 40 ul of the lysate was incubated on ice for 10 min with 0.5
ml 0.03% sodium deoxycholate. Thereafter, 0.75 ml 15% trichloro-
acetic acid was added and the samples were incubated on ice for
another 10 min. Proteins were pelleted by 20 min of centrifugation at
13,0009 and at 4°C. The protein pellets were resuspended in 0.1 N
NaOH and protein concentrations were determined using the BCA
method (Pierce) according to the manufacturer’s protocol. Luciferase
activities were corrected accordingly.

Western blotting. For each condition, an equal amount of cell
extract was separated by means of SDS—-PAGE on a 3% stacking and
a 7% resolving gel. Proteins were electroblotted onto a nitrocellulose
membrane. The membrane was subsequently blocked and probed
with a commercially obtained monoclonal antibody raised against
Rb, E2F-1, cyclin D1, or p27%"* (Becton-Dickinson Pharmingen).
Immunoreactive proteins were visualized using a chemilumines-
cence detection system (NEN).

RNA-isolation and Northern analysis. LNCaP cells (3 X 10°in a
15 cm dish) were treated for 48 h with different concentrations of
R1881. Northern blot analysis was performed as described by Swin-
nen et al. (11) on 15 pg of total RNA isolated from these cells. To
detect E2F-1, cyclin A, and cyclin D1 mRNA, **P-radiolabeled PCR
fragments were generated using the following forward and reverse
primers: 5'-TTTCCAGAGTAGCTCACCTTG-3" and 5'-TGTATGTT-
CACCTTCATTCCCC-3' for E2F-1; 5'-GAAAGCAAACAGT-
AAACAGCC-3' and 5'-CCTATCAATGTAGTTCACAGCC-3' for cy-
clin A; 5"-TAAGATGAAGGAGACCATCCC-3' and 5'-
AAATGAACTTCACATCTGTGGC-3' for cyclin D1. The detection of
the Prostate Specific Antigen (PSA) and Fatty Acid Synthase (FAS)
transcripts was performed as described in Swinnen et al. (1, 13). For
the detection of p27<'™ transcripts, the complete ORF of p27"'** was
amplified by means of RT-PCR on normal human prostate RNA,
using respectively 5-ATGTCAAACGTGCGAGTGTCTAACGG-3'
and 5-TTACGTTTGACGTCTTCTGAGGCCAGG-3' as forward and
reverse primer. The amplified product was cloned in pGEM-T (Pro-
mega) and sequenced. An 18 S probe, used to verify RNA integrity
and equal sample loading was labeled using the oligolabeling kit
from Amersham-Pharmacia.

RESULTS

Androgen-induced changes in Retinoblastoma phos-
phorylation and p27“"** protein levels. To study the
effects of androgens on Rb phosphorylation, LNCaP
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FIG. 1. Influence of androgen treatment on the phosphorylation
of Retinoblastoma and on cyclin D1 and p27'™* protein levels. Cell
lysates were prepared from LNCaP cells (5 X 10° cells per 6-cm dish)
treated for 48 h with the indicated concentrations of R1881. Equal
amounts of these lysates were separated by means of SDS-PAGE
and electroblotted onto a nitrocellulose membrane. The membranes
were probed with commercial antibodies for the corresponding pro-
teins and immunoreactive proteins were visualized using a chemi-
luminescence detection system. The monoclonal antibody used for
the detection of Rb recognizes both the hypo- (pRb) and hyperphos-
phorylated (ppRb) forms of Rb.

cells were treated with a wide concentration range of
R1881. This synthetic androgen was chosen because of
its slower metabolisation and to allow a direct compar-
ison with our previous data on LNCaP cell growth and
differentiation. As shown in Fig. 1, up to 0.1 nM of
R1881 there is an increase of both hyper- and hypo-
phosphorylated Rb. At 1 nM of R1881, however, the Rb
signal is markedly weaker and almost completely in
the hypophosphorylated form. Since the phosphoryla-
tion of Rb is partially controlled by the cyclin D1 de-
pendent kinase CDK4 we also looked at the effect of
androgens on cyclin D1. As shown in Fig. 1, cyclin D1
protein levels were not affected, although a slight up-
regulation of cyclin D1 messenger mRNA was observed
at 0.01 and 0.1 nM R1881 (Fig. 2). Another way of
controlling Rb phosphorylation is via the regulation of
the cyclinE/CDK2 activity by the kinase inhibitor
p27 "', As shown in Fig. 1, p27"'** protein levels were
hardly influenced by low concentrations of R1881. At
higher androgen concentrations, however, p27*'** pro-
tein levels were markedly stimulated. These changes
are most probably due to a posttranscriptional mecha-
nism, such as an increased stability of the protein.
Indeed, in striking contrast to the strong induction of
the mRNAs encoding PSA and FAS at high androgen
concentrations, p27“""* mRNA levels were not influ-
enced by androgen treatment (Fig. 2).

Androgen effects on E2F activity. To investigate
whether these changes of Rb phosphorylation are ac-
companied by changes of E2F activity, LNCaP cells
were transiently transfected with an E2F reporter con-
struct containing 6 E2F responsive sites. Sixteen hours
later, the transfected cells were treated for 48 h with
different doses of R1881 and assayed for luciferase
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FIG. 2. Influence of androgen treatment on specific mMRNAs in
LNCaP cells. LNCaP cells (3 X 10° cells per 15-cm dish) were treated
for 48 h with the indicated concentrations of R1881. Northern blot
analysis of total RNA (15 ug) from these cells was performed with
radiolabeled probes for cyclin D1, p27'**, PSA, and FAS. RNA in-
tegrity and equal sample loading were verified using a 18S probe.

activity. As shown in Fig. 3A, marked changes in E2F-
controlled luciferase activity are observed as a function
of androgen concentration. LNCaP cells treated with
low concentrations of R1881 show an increase in E2F
activity as compared to the basal activity. The highest
E2F activity is observed at 0.1 nM R1881, the concen-
tration that also induces maximal Rb phosphorylation
and optimal growth. At higher concentrations of R1881
(1 nM or more) there is a drastic decrease in E2F
activity. This decrease in E2F activity parallels the
growth arrest and the strong expression of differenti-
ation markers previously demonstrated at these con-
centrations. As shown in Fig. 3B, the influence of an-
drogen on E2F activity is already observed after 12 h,
is maximal between 24 and 36 h and decreases some-
what after 48 h.

Androgen induced changes of E2F activity are re-
flected in the expression of E2F-1 target genes. E2F-1,
a key controller for the G1 to S-phase transition, is
responsible for the transcriptional initiation of several
S-phase target genes such as E2F-1 itself (by autoreg-
ulation), cyclin A, cyclin E, cdc2, dihydrofolate reduc-
tase, or thymidine kinase. We looked at the expression
of two of these target genes, E2F-1 and cyclin A, in
LNCaP cells treated with different doses of R1881 (Fig.
4). Both E2F-1 and cyclin A mRNA are markedly stim-
ulated by R1881 at low concentrations of R1881 with
maximal stimulation at 0.1 nM R1881, but are strongly
suppressed at higher concentrations. Moreover, a sim-
ilar regulation could be demonstrated for E2F-1 pro-
tein expression by means of Western blotting (Fig. 4).
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DISCUSSION

The human prostatic cancer cell line LNCaP shows a
remarkable biphasic response to androgen. In fact, low
concentrations of androgen stimulate cell proliferation,
when compared to androgen depleted medium,
whereas high concentrations of the hormone result in
strong inhibition of proliferation, and at the same time
induce cell differentiation as demonstrated by the in-
creased expression of PSA and other differentiation
markers (1, 2, 11, 13). Several reports have already
studied in some detail how either very low (3) or very
high (4) concentrations of androgen affect a number of
regulatory proteins, involved in the control of the cell
cycle. In the present study we performed a more com-
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FIG. 3. Influence of R1881 on E2F activity. LNCaP cells (5 X 10°

cells per 6-cm dish) were transiently transfected with 3 ug of the E2F
reporter construct. (A) Dose response curve. Cells were treated for
48 h with the indicated concentration of R1881. (B) Time course.
LNCaP cells were treated for the indicated time with EtOH (C), 10 *°
M R1881, or 10 ®* M R1881. Thereafter, luciferase activities were
measured and corrected for protein concentration. Relative lucif-
erase values were calculated with respect to the luciferase activity in
the presence of EtOH (A) or in untreated cells (B), arbitrarily set to
1. The results shown are the mean + SEM of four experiments.
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FIG. 4. Influence of androgen on E2F-1 and cyclin A mRNAs and
on E2F-1 protein levels. E2F-1 and cyclin A mRNAs and E2F-1
protein levels were measured as described respectively in the leg-
ends to Fig. 2 and Fig. 1.

plete dose response curve, covering both the low and
high concentration range. Moreover, we used the syn-
thetic androgen R1881 as in our previous studies on
LNCaP cell proliferation and differentiation allowing a
direct comparison with these results.

Our data show that the effect of different concentra-
tions of R1881 on LNCaP cell proliferation is closely
reflected in the degree of phosphorylation of Rb and in
E2F activity. Indeed, at low concentrations of R1881
(up to 0.1 nM) we observed a moderate increase of Rb
phosphorylation confirming results obtained by Knud-
sen et al. (3) using 0.1 nM DHT. At 1 nM of R1881,
however, we already observed a strong and abrupt
decrease of the phosphorylation state of Rb, in line
with the results of Tsihlias et al. using 100 nM of DHT
(4). Major targets of Rb are the E2F-transcription fac-
tors, which are rendered inactive by binding to Rb.
This interaction of E2F with Rb is lifted by phosphor-
ylation of the latter resulting in activation of E2F path-
ways. Our data on androgen induced changes of E2F
activity, as measured by a luciferase-based reporter
assay are in agreement with this hypothesis. Up to a
concentration of 0.1 nM R 1881 the E2F activity in-
creases in parallel with Rb phosphorylation, whereas
E2F1 protein levels only show a moderate increase. A
similar stimulation is observed for the E2F-1 regulated
gene products cyclin A mRNA and E2F-1 mRNA, which
is controlled by an autoregulatory pathway. On the
other hand, at higher concentrations of R1881, the
marked dephosphorylation of Rb is accompanied by
lower E2F-activity, lower E2F-1 protein levels and
lower expression of both E2F-regulated gene products.
Our data therefore support a key role of the Rb-E2F
pathway in the androgen regulation of prostate cancer
cell proliferation. The observations of Agus et al. (14)
on the CWR22 human prostate xenograft in nude mice
point in the same direction. These authors demon-
strated that androgen-withdrawal led to a gradual in-
crease of E2F-1 expression, as shown by immunohisto-
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logical staining in parallel with the appearance of
hyperphosphorylated RB products on Western blots.

Most probably the regulation of Rb phosphorylation
by androgen is mediated by changes in the activity of
cyclin-dependent kinases, such as CDK2 and CDKA4.
Upregulation of the activity of these kinases at low
concentration of androgens has been described previ-
ously (15-17). On the other hand, we observed a
marked increase of the kinase inhibitor p27<'™* at all
androgen concentrations that resulted in low Rb phos-
phorylation. Inhibition of the activity of CDK2 by
p27 """ may thus explain, at least in part, the lack of
phosphorylation of Rb under these conditions (18, 19).
Interestingly, our data show that androgens do not
influence p27'™ MRNA, in striking contrast to the
transcriptional regulation of differentiation markers
such as PSA, which follow a similar dose response
curve as p27<'™* at the protein level. For that reason
the regulation of p27*'™ most probably occurs at a
posttranscriptional level, a common finding for the reg-
ulation of this protein (20, 21), although there is also
evidence for transcriptional regulation (22). A substan-
tial role for p27*'™ in the regulation of prostate cancer
cell proliferation is evoked also by other observations.
Indeed a strongly diminished p27"'"* expression was
observed in LNAI cells, which are originally derived
from LNCaP cells but became androgen-independent
(23). Moreover, distinct patterns of p27"'™* expression
involving both differences in mRNA and protein levels
have been described between normal prostatic cells,
benign prostatic hyperplasia and prostatic cancer. In
the latter group, a low p27<'"™* expression was found to
be associated with more aggressive prostate carcinoma
(24).

Multiple elements probably play a role in the regu-
lation of LNCaP cell proliferation by androgens and
their importance may be different in the stimulatory
and inhibitory phase of the dose response curve. Al-
though the androgen effects may be based primarily on
transcriptional regulation by the androgen receptor,
they most probably involve considerable cross talk with
other pathways (25, 26) such as Ras/ERK, which me-
diate the regulation of Rb phosphorylation by mito-
genic factors. In the opposite direction, such cross talk
has been well documented for the activation of the
androgen receptor and other steroid receptors by non-
steroidal stimuli (27). A number of observations show
that androgens may influence these ERK-pathways by
rapid nongenomic effects, possibly mediated by the
androgen receptor (28). Very recently, it has been pro-
posed that the simultaneous interaction of androgen
and estradiol receptor with Src triggers LNCaP cell
proliferation (26).

In conclusion our results indicate that the biphasic
dose response of LNCaP cells proliferation to androgen
is closely reflected in a number of cell cycle parameters,
such as Rb phosphorylation, E2F activity and p27"'™*
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protein levels. The mechanisms by which the androgen
signal affects these parameters are still poorly under-
stood and may be different for the response to low and
high androgen concentrations.
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