
[CANCER RESEARCH 53. 1051-1058. March 1. 1993]

Growth Factor Regulation of Gene Expression in the Human Prostatic Carcinoma
Cell Line LNCaP1

Pirkko Henttu and Pirkko Vihko2

Biocenler ami Department of Clinical Chemistry, University of Oitlu, Kajaanintie 50, SF-90220 Oulu, Finland

ABSTRACT

In order to characterize the effects of growth factors on the regulation
of expression of the genes coding for prostatic differentiation markers,
prostatic acid phosphatase and prostate-specific antigen, we studied
changes occurring in the biosynthesis of these enzymes in LNCaPprostatic
cancer cells treated with growth factors. Epidermal growth factor was
found to reduce the secretion of prostatic acid phosphatase and prostate-
specific antigen by the cells, as the result of lowered steady-state levels of
the corresponding messenger RNAs (mRNAs). In addition, epidermal
growth factor (EOF) interfered with the androgen regulation of these
genes. EGF evoked these changes in a concentration- and time-dependent
fashion, in both the presence and absence of serum and most likely
through interactions with the epidermal growth factor receptor,inasmuch
as similar effects were achieved by treating the cells with transforming
growth factor a. The regulation of the human glandular kallikrein 1 gene
was quite similar to the regulationof the prostate-specificantigen gene. In
addition to the expression of the genes coding for prostatic secretory
proteins, the amount of the human androgen receptor inRN.Vwas down-
regulated by EGF. This reduction was more pronounced than the autol-
ogous down-regulation of human androgen receptor (hARi niRNA by
androgen and could be maintained for at least 5 days. In the presence of
androgen, some of the effects of EGF and transforminggrowth factor a on
the levels of androgen-regulated mRNAs may be due to down-regulation
of the expression of the liAR gene. Transforming growth factor /I,, which
blocked the growth induction of LNCaP cells by EGF, increased the level
of prostatic acid phosphataseand hAR mRNAs, but when given to the cells
together with EGF its up-regulatory effect could not be discerned. In
summary, regulation of the prostatic acid phosphatase and prostate-spe
cific antigen genes is a complex matter, inasmuch as androgensand growth
factors regulate the levels of the mRNAs originating from them. Further
more, the interactions between the androgen-regulatory system and the
growth factor-regulatory systems are likely to be at multiple levels in
prostatic cells, as suggested by the modulation of the hAKgene expression
by these growth factors.

INTRODUCTION

Prostatic acid phosphatase and prostate-specific antigen are secre

tory products of the differentiated epithelial cells of the prostate, and
their serum levels are widely used as markers in the course of the
treatment of prostatic growth disorders (I, 2). We have shown previ
ously that their secretion and the steady-state levels of the correspond

ing mRNAs are inversely regulated by androgens in the LNCaP cell
line (3, 4). The biosynthesis of PAP,' a phosphatase of unknown

function, which is also capable of dephosphorylating phosphotyrosyl
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proteins (5, 6), is down-regulated by androgens, whereas the steady-

state level of PSA mRNA and the secretion of this serine protease (7)
increase if LNCaP cells are treated with androgen. The human glan
dular kallikrein gene hGK-l is closely related to the PSA gene (8, 9),

and its regulation by androgen in LNCaP cells is also similar to that
of the PSA gene (4).

However, other factors as well as androgens (10) participate in the
regulation of prostatic development and function (11, 12). Mesenchy-
mal androgen receptors, e.g., mediate the growth-stimulatory effects

of androgens on the epithelial cells in the developing prostate (10).
Normal prostatic epithelial cells do not respond to androgens by
proliferation in vitro (13), but their growth can be stimulated by
fibroblasts ( 14). Furthermore, transcription of the rat prostatic steroid-

binding protein CI gene can be specifically induced by mesenchymal
cells from the rat ventral prostate (15), and proteins originating from
stromal cells can stimulate secretion from epithelial cells (16). These
and other stromal-epithelial interactions are thought to be mediated at

least in part by polypeptide growth factors. Since the observation that
human prostatic tissue extracts contained material that stimulated the
proliferation of several cultured cell lines (17), the identity and pro-

static expression of these growth factors, such as acidic FGF and basic
FGF, TGF-a and TGF-ÃŸ,,and EGF have been extensively character
ized (reviewed in Refs. 11 and 12). The growth-promoting and -in

hibitory effects of several growth factors on prostatic cells have been
well documented (11, 12) but the molecular changes these growth
factors induce in their prostatic target cells, nevertheless, remain
poorly understood. Likewise, little information is available on the
effects of growth factors on the secretory function of the prostate.

In order to determine whether growth factors that affect prostatic
proliferation and the expression of which is altered in prostatic lesions
(11. 12), also modulate prostate-specific gene expression, we have
studied the effects of EGF. TGF-a, and TGF-ÃŸ,on the biosynthesis

and secretion of the human prostatic proteins PAP and PSA. In these
studies we have used the prostatic carcinoma cell line LNCaP as a
model, because these cells are androgen responsive and produce pro-

static epithelial proteins (18, 19). LNCaP cells have been shown to
possess EGF receptors that are up-regulated by androgen (20-22), to
secrete immunoreactive EGF and TGF-a (22, 23), and to respond to

EGF with increased growth (22). Using this cell line it was also
possible to study how the androgenic regulatory system and the
growth factor-regulatory system might interact. In this respect we

determined the effect of growth factors on the expression of the
human androgen receptor gene.

MATERIALS AND METHODS

Chemicals. MurineEGF,humanTGF-a, and humanTGF-ÃŸ,were from
Sigma Chemical Co. (St. Louis, MO). The synthetic androgen R1881 was
purchased from New England Nuclear (Boston, MA). [a-'2P)dCTP (3000
Ci/mmol) and |y-'-P]ATP (3000 Ci/mmol) were from Amersham International

pic (Amersham, England). DNA-modifyingenzymes were from New England
Biolabs (Beverly.MA), and the nick translation kit was obtained from Promega
(Madison. WI). Nylon membranes for the RNA blots were from Amersham.
RNA si/e markers for gel electrophoresis were purchased from Bethesda
Research Laboratories (Gaithersburg. MD) and Nick columns were from Phar
macia (Uppsala, Sweden). The reagents for PCR were from Perkin-Elmer
Cetus (Norwalk, CT) and all the cell culture reagents were from GIBCO
(Paisley. Scotland). The IRMA-count PSA kit was from Diagnostic Products
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Corporation (Los Angeles. CA) and the PAP radioimmunoassay kit was from
Farmos Diagnostica (Oulunsalo. Finland).

Probes. The PAP probe was a PCR-amplified fragment corresponding
to nucleotides 397-1350 of our PAP cDNA (24), and the PSA and hGK-1
probes were specific 40-mer oligonucleotides derived from the second exons

of the corresponding genes. The probes were complementary to the coding
sequences: 5' TGCTTGTGGCCTCTCGTGGCAGGGCAGTCTGCGGCGG-
TGT 3' for the PSA probe and 5' TGGCTGTGTACAGTCATGGATGGGCA-
CACTGTGGGGGTGT 3' for the hGK-1 probe (25). The probe derived from

the liGK-i gene did not hybridize with PSA cDNA under typical hybridization

and washing conditions used for the analysis of mRNAs. The GADPH cDNA
used as probe was as described in Ref. 26. The human androgen receptor probe
was a PCR-amplified fragment corresponding to nucleotides 856-1583 of the

human androgen receptor cDNA as described by Chang et al. (27, 28) and
kindly provided by Professor Shutsung Liao, University of Chicago (Chicago.
IL). Standard methods were used to prepare the plasmid DNAs used as probes
(29). PCR amplifications of PAP and hAR cDNA fragments were performed as
reported previously (4). PSA and hGK-1 oligonucleotides were labeled with
[y-'2P]ATP at their 5' termini using T4 polynucleotide kinase, and the cDNA

probes were labeled with [a-'2P|dCTP by nick translation. Unincorporated

nucleotides were removed by chromatography through a Nick column.
Maintenance of Stock Cultures. LNCaP cells (ATCC CRL-1740) were

obtained from the American Type Culture Collection (Rockville. MD). and
cells between passages 17 and 27 were used here. They were cultured at 37Â°C

in a humidified atmosphere of 5% CO2 in RPMI 1640. supplemented with 10%
PCS, 2 ITIMglutamine, 100 units/ml penicillin. 100 ug/ml streptomycin, and 2.5
ug/ml Fungizone; the media were changed every 3 days and the stock cultures
were passaged once a week by plating out trypsini/ed cell suspensions.

Steroid and Growth Factor Stimulation of LNCaP Cells. LNCaP cells
were harvested in their logarithmic growth phase, plated in a 10% FCS-RPMI

medium, and allowed to attach. After 3 days the plating medium was replaced
with one containing 10% charcoal (l%)-dextran (0.1%)-treated FCS and the

appropriate growth factors and/or 0.1 nM R1881. The growth factors were
dissolved in sterile phosphate-buffered saline and stock solutions of R1881

were prepared in ethanol. The final concentration of ethanol in both the control
and steroid-treated cultures was 0.01% (v/v). After the incubation period the

media were collected for the determination of PAP and PSA and the cells were
dislodged by trypsin treatment and counted using a hemocytometer.

PAP and PSA Determinations. Culture media collected from treated
LNCaP cells were kept at -20Â°C. thawed when required, and used for PAP

determinations according to the instructions provided with the commercial PAP
radioimmunoassay kit (Farmos Diagnostica. Oulunsalo. Finland) and for PSA
determinations as instructed in the immunoradiometric assay (IRMA-count

PS A ) kit (Diagnostic Products Corporation. Los Angeles, CA ). The amounts of
the proteins secreted were expressed as a function of the cell number at the
time when the samples were removed.

Isolation and Analysis of the Steady-State mRNA Levels. Treated cells,
usually from 2 to 10 x I0h/sample. were scraped off the culture vessels,

washed with 1 x phosphate-buffered saline, and lyzed in guanidinium isothio-

cyanate solution. Total RNA was then purified by centrifugation through a
cesium chloride cushion (30). An aliquot of each RNA sample was analyzed by
electrophoresis in a 1% agarose gel containing 2.2 M formaldehyde and 1 X
running buffer (20 ITIMmorpholinopropanesulfonic acid, pH 7.0-5 ITIMsodium
acetate-1 HIMEDTA). Prior to electrophoresis, the RNA samples were dena
tured by heating at 65Â°Cfor 15 min in a solution containing 1 x running buffer.

50% formamide. and 6% formaldehyde. The integrity of each RNA sample was
ascertained by staining with ethidium bromide (29). Samples of 30. 50. or 90
ug total RNAs were separated out on agarose gels as above, together with
commercial RNA molecular weight markers, which were excised and stained
with ethidium bromide after electrophoresis. The RNA samples were trans
ferred to a nylon membrane by capillary blotting in 20 x saline-sodium
phosphate-EDTA (I x is 180 ITIMNaCl-10 ITIMsodium phosphate. pH 7.4-1

ITIMEDTA) and covalently bound to the membrane by UV irradiation. The
filters were hybridized with the specific probes as described previously (4) and
exposed to Kodak XAR-5 films for 1-14 days at -70Â°C. The X-ray films were

analyzed with a laser scanner densitometer (Molecular Dynamics. Sunnyvale,
CA) attached to a computer system. All steady-state mRNA levels were cor

rected for differences in loading or transfer of the RNA samples to the filters
by correlating the values obtained for specific mRNAs with the expression of
the GADPH mRNA in the sample, since this remains unaffected by the treat

ments described here. Before reprobing, the filters were stripped of their
previous radioactivity by soaking for 2 h at 65Â°Cin 5 mM Tris-HCl. pH 8.0,
containing 2 m.Mdisodium EDTA and 0.1 X Denhardt's solution ( 1 X is 0.02%

bovine serum albumin, 0.02% polyvinylpyrrolidone, and 0.02% Ficoll).
Statistical Significance. The differences between means were analyzed by

analysis of variance and were regarded as statistically significant when the P
values were below 0.05.

RESULTS

Effect of EGF on the Growth of LNCaP Cells and on Secretion
of PAP and PSA. To determine whether EGF affects the secretion of
prostatic proteins, we cultured LNCaP cells for 2 days in the presence
of increasing amounts of EGF or EGF and 0.1 nM R1881 and deter
mined the changes in cell number and in the accumulation of PAP and
PSA into the culture medium. As shown in Fig. 1, the growth of
LNCaP cells was enhanced with increasing amounts of EGF, the
maximal increase in cell number (167 Â±43% of control, n = 3) being

obtained with 100 ng/ml of EGF. None of the additions of EGF
amounts could improve on the increase in LNCaP cell number caused
by 0.1 nM R1881, however.

The secretion of PAP and PSA was down-regulated in a dose-

dependent fashion by EGF, the secretion of PAP being somewhat more
sensitive, as 1 ng/ml EGF reduced it significantly to 76 Â±10% of the
control (n = 3), while the secretion of PSA was not affected. The

highest addition of EGF, 100 ng/ml, was also the most effective in
reducing the accumulation of both the proteins into the culture me
dium, reducing the secretion of PAP to 35 Â±11% of the control value
(n = 3) and that of PSA to 55 Â±24% (n = 3) in 2 days.
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Fig. 1. Effect of increasing EGF concentrations on the proliferation of LNCaP cells and
the secretion of PAP and PSA. LNCaP cells were treated for 2 days with a medium
containing Ihe indicated amounts of EGF and/or 0.1 nM R1881. or the vehicle alone. The
amounts of PAP and PSA secreted were determined from the culture medium, and the cells
were harvested and counted. The amounts of the proteins secreted were calculated per 1(f
cells in order lo account for changes in cell number in the cultures. The data are means Â±
SD (bars) from 3 separate experiments each consisting of triplicate determinations. * and
Â±,P < 0.05; Â»*,OO. and Â±Â±,P < 0.01; ***, P < 0.001. *, treatment verjus control;

O, treatment versus 0. l nM R1881 ; Â±.treatment versus 10 ng/ml EGF.

1052

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/5/1051/2452996/cr0530051051.pdf by guest on 19 M

ay 2023



GROWTH FACTORS AND PAP, PSA, AND hAR GENE EXPRESSION

To further characterize the effect of EOF, we next determined how
a 10-ng/ml dose of EOF modulates the secretion of PAP and PSA in

LNCaP cells treated for 1 to 5 days. This concentration of EOF was
chosen because it was the lowest concentration to significantly alter
both PAP and PSA secretion. As depicted in Fig. 2, the growth of
LNCaP cells increased maximally with 10 ng/ml EOF. A similar
increase in the growth of LNCaP cells was obtained with 0.1 nin
R1881, and no extra stimulation was obtained by treating the cells
with both compounds simultaneously. This suggests that both andro-

gens and EOF caused the increased growth, at least partly, through
similar mechanisms.

The secretion of PAP decreased to 49 Â±15% of the control level
(n = 6) in 2 days in EGF-treated cells. Prolonged treatment with EOF

did not further reduce the accumulation of PAP into the growth
medium. Androgen treatment was slightly more effective in reduc
ing the secretion of PAP, which reached a plateau of 38 Â±9%
of the control level (n = 5) in the R1881-treated cells. However, the
lowest level of PAP secretion (23 Â±7% (n = 6)) occurred from cells

that received both compounds. Moreover, the level of PAP secretion
from double-treated cells was significantly less than the secretion
from cells treated with either androgen or EOF (P < 0.05 versus
treatment with 10 ng/ml EOF, and P < 0.001 versus treatment with
0.1 nin R1881).
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Fig. 2. Time course of the effect of EOF. R1881. or both on LNCaP cell proliferation
and the secretion of PAP and PSA. LNCaP cells were treated for 1-5 days in a medium
containing 10 ng/ml EOF (V). 0.1 nm R188I (â€¢),10 ng/ml EOF and 0.1 nM R1881 (T),
or the vehicle alone (control ). Fresh medium containing the growth factor and/or androgen
was changed on days 2 and 4. After the given incubation times the amounts of PAP and
PSA secreted were determined from the culture medium, and the cells were harvested and
counted. The amounts of the proteins secreted were calculated per IO6 cells in order to

account for changes in cell number in the cultures. Data are means Â±SD (bars) from
3 to 5 separate experiments each consisting of triplicate determinations.

In contrast, the release of PSA from the EGF-treated cells decreased

steadily from day 1 to day 5 and was only 38 Â±11% of the control
level (n = 3) on day 5. The androgenic up-regulation of PSA secretion

was not significantly altered by EOF, although there was a tendency
for a lower level of PSA secretion in cells treated with EOF and
androgen for 4 or 5 days as compared with those treated with andro
gen alone. On the other hand, significantly more PSA was secreted by
the double-treated cells than by the EGF-treated cells, suggesting that

androgen may partly counteract the effect of EOF.
Effect of EGF on the Steady-State Levels of PAP, PSA, and

hGK-1 mRNAs. In order to elucidate the mechanisms involved in
the down-regulation of PAP and PSA secretion by EGF, we used
Northern blot analyses to assess alterations in the steady-state levels of
the corresponding mRNAs in EGF-treated LNCaP cells. First, we

analyzed the effects of different EGF concentrations on PAP, PSA, and
hGK-1 steady-state mRNA levels. Fig. 3 shows representative results

from experiments in which LNCaP cells were treated with 100 ng/ml
EGF for 1day. While the level of GADPH mRNA was not appreciably
altered, the steady-state level of the 3.3-kilobase PAP mRNA was
reduced to 52 Â±2% of the control level, that of the 1.6-kilobase PSA
mRNA to 55 Â±3%, and that of the 1.6-kilobase hGK-1 mRNA to 21

Â±1%. In addition, treatment with 10 ng/ml EGF resulted in signifi
cantly altered mRNA levels, while 0.1 and 1 ng/ml were without
effects (data not shown).

Next, we determined the time course of the EGF effect on PAP,
PSA, and hGK-1 mRNAs from LNCaP cells treated with 10 ng/ml
EGF for 1-5 days. The results from these experiments are illustrated

in Fig. 4. The amount of PAP mRNA decreased to 53 Â±17% of the
control level (n = 4) in 3 days in the EGF-treated cultures and

remained at that level for the next 2 days. The level of PAP mRNA in
the cells receiving both EGF and R1881 was similar to that in the
EGF-stimulated cells, but it was significantly lower than that in the
R1881-treated cells on day 2, for example. The time courses of the
effect of EGF on the steady-state levels of PSA and hGK-1 mRNAs
were quite similar, both mRNAs being down-regulated by EGF in a
time-dependent fashion. The EGF treatment was partly able to over
come the androgenic up-regulation of these transcripts, and con

versely androgen treatment interfered with the EGF effect.
Effect of EGF on Prostatic mRNAs Â¡nthe Absence of Serum.

Since serum-borne mitogens may interfere with the effects of exog-

enously added growth factors, we studied the effect of EGF on the
levels of PAP and PSA mRNAs in LNCaP cells in a serum-free

culture. As shown in Fig. 5, despite the lack of serum in the cultures,
both EGF and R1881 significantly increased the proliferation of LN
CaP cells, as has also been reported by others (22). EGF down-

regulated the levels of PAP and PSA mRNAs in the absence of serum,
but the magnitudes of these decreases were greater than those in cells
receiving the same amount of EGF in a medium containing CSS
(compare the results in Figs. 4, 5, and 7). The level of PAP mRNA fell
to 14 Â±13% of the control (n = 4) in 3 days and that of PSA to 13
Â±8% (n = 4). Thus the charcoal-stripped serum may have contained

some compound that interfered with the effect of EGF. Androgenic
regulation of the PAP and PSA transcripts was less pronounced with
out serum than if the androgen was added to a medium containing
10% CSS, possibly due to the lack of androgen-binding proteins,

which are a component of serum.
Effects of TGF-a and TGF-ÃŸ,on PAP, PSA, and hGK-1 Gene

Expression. Transforming growth factor o is homologous to EGF
and both peptides signal through the epidermal growth factor receptor
(31). Therefore, it was of interest to determine whether activation of
the EGFR by TGF-a would result in similar alterations in the PAP and
PSA gene expression as evoked by EGF. As shown in Fig. 6, TGF-a

significantly decreased both PAP and PSA secretion from LNCaP cells
treated for 3 days. The accumulation of PAP into the medium fell to
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Fig. 3. Effect of 100 ng/ml EOF on the steady-

stale levels of prostatic mRNAs. LNCaP cells were
cultured for 1 day in a medium containing UK)
ng/ml EGF or the vehicle alone. Total RNA was
isolated, and 90 ng of the RNA/lane were fraction
ated by agarose gel electrophoresis and transferred
to a nylon membrane, hybridized with specific
probes, and subjected to autoradiography. The re
sults from the densitometric scannings are shown
below the autoradiograms. ***, P < 0.001, treat

ment versus control: bars, SD: kh. kilobases.
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35 Â±7% of the control level (n = 3) and that of PSA to 42 Â±4%
(n = 3) in the TGF-a-treated cultures. Like EGF, TGF-a potentiated
the down-regulation of PAP secretion by androgen and interfered with
the androgenic up-regulation of PSA secretion. In this respect, TGF-a
was more potent than EGF. which may be related to the 10-fold higher
amount of TGF-a used in the experiments. Furthermore, the effects
caused by TGF-a on the steady-state levels of PAP, PSA, and hGK-1

transcripts were indistinguishable from the effects of EGF. Thus the
activation of the EGFR results in the down-regulation of PAP, PSA,
and hGK-I gene expression.

Although 10 ng/ml transforming growth factor ÃŸ,did not signifi
cantly affect the growth of LNCaP cells, it was able to to block the
growth induction of LNCaP cells by EGF (data not shown), as has also
been shown by others (32). Despite its growth-inhibitory effect,
TGF-ÃŸ, did not significantly affect the secretion of PAP or PSA,

neither alone nor in combination with EGF (Fig. 6). Nevertheless, the
level of PAP mRNA was significantly increased in cells treated with
10 ng/ml TGF-ÃŸ,for 3 days (Fig. 7) to 132 Â±31% of control (n =

5;P< 0.05) and there was a tendency for higher levels of PSA mRNA
in the TGF-ÃŸi-treated cells. On the other hand, when TGF-ÃŸ,was

given simultaneously with EGF the level of PAP mRNA was 26 Â±
15% of the control (n = 3), i.e., similar to that in cells treated with

EGF only.
Effects of EGF, TGF-a, and TGF-ÃŸ,on the Expression of the

Human Androgen Receptor Gene. The observed alterations in the
steady-state mRNA levels of androgen-regulated genes could be due

to changes in the expression of the androgen receptor, which is a
nuclear, ligand-activated transcription factor belonging to the super-

family of steroid receptors (27, 28, 33). To test this possibility. North
ern blot experiments were performed using a hAR probe. As shown in
Fig. 3, treatment of LNCaP cells for 1 day with 100 ng/ml EGF
resulted in the down-regulation of the 10-kilobase hAR mRNA to 39

Â±3% of the control level. Also a lower concentration of EGF, 10
ng/ml, was effective in reducing the steady-state amount of the hAR
mRNA. Moreover, this decrease occurred in a time-dependent fash

ion, as is shown in Fig. 4. Treatment for five days resulted in a
reduction to 10.7 Â±2% of the control level. In the presence of both
EGF and R1881 in the culture medium, the level of hAR mRNA was
comparable to that found in cells treated with EGF. However, on days
3 and 5 the steady-state level of hAR mRNA in double-treated cells
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Fig. 4. Time course of the effect of EOF or EOF and R1881 on steady-state levels of
PAP,PSA, hGK-1, and hAR mRNAs in LNCaP cells. LNCaP cells were treated for 1 to
5 days with a medium containing 10 ng/ml EOF (V), 10 ng/ml EOF and 0.1 nMR188I
(T), 0. l nMR1881 (not shown), or the vehicle alone (control). After the incubation period
the cells were collected and the mRNA levels were analyzed as described in the legend to
Fig. 3. The data are means Â±SD (bars) from 2 to 6 separate experiments. *,O,P< 0.05;
**, OO, Â±Â±,P < 0.01; ***. OOO, P < 0.001. *, treatment versus control; O, treatment
versus O.I DMR1881; Â±,treatment versus 10 ng/ml EOF.

was significantly lower than that in cells treated only with R1881. The
presence of serum was not required for the down-regulation of the
amount of hAR mRNA, which fell to 8 Â±3% of the control (n = 4)
in 3 days (see Fig. 5). As in the case of the PAP mRNA, TGF-ÃŸ,

resulted in an increase in the level of the hAR mRNA (293 Â±136%
of the control (n = 5)) in cells treated for 3 days (see Fig. 7). However,
simultaneous treatment with EOF and TGF-ÃŸ,decreased the level of
hAR mRNA as did EOF alone. Altogether, the changes in the steady-

state level of the hAR mRNA were quite similar to those occurring in
the level of the PAP mRNA in cells treated with either androgen or the
growth factors.

DISCUSSION

Where our previous experiments have shown that androgenic reg
ulation of the two prostate-specific secretory glycoproteins PAP and
PSA is inverse in the androgen-responsive, prostatic carcinoma cell

line LNCaP (3,4), we now show that the regulation of the biosynthesis
of PAP and PSA is more complex: growth factors can modulate their
secretion and regulate the steady-state levels of the corresponding

mRNAs in LNCaP cells. In other words specific growth factors alter
the rate of biosynthesis of secretory prostatic proteins besides altering
the growth of prostatic cells. Furthermore, we show that these growth

factors also change the level of expression of the human androgen
receptor gene, which may further affect the expression of genes reg
ulated by this transcription factor.

Regulation of the expression of the PAP and PSA genes is under
multifactorial control, as the steady-state levels of the transcripts

originating from these genes can be affected by androgens, peptide
growth factors, and a cAMP analogue,4 and also by an as yet uniden

tified regulator, as the expression of PAP could not be completely shut
off by the treatments described in this paper. Furthermore, the ob
served level of PAP or PSA expression is the result of the combined
actions of several regulators that reinforce or counteract each other's

effects. The genes coding for these two prostate-specific marker pro

teins differ markedly in the regulation of their expression, however.
The up-regulatory effect of androgen seems to dominate in the

regulation of PSA gene expression, EOF being only partly able to
counteract it. In the absence of steroid hormones, however, EOF
reduced the level of PSA mRNA to well below the already low level
of PSA mRNA in cells grown in a medium containing CSS. Alto
gether, this suggests that androgen and EOF activate different molec
ular mechanisms that result in the changes of the steady-state level of

the PSA mRNA. The actions of androgen and EOF on the regulation
of hGK-I appear to be quite similar to those on the related PSA gene,

which is not surprising in view of the near identity between the
promoters of the two genes (8, 34). In contrast, expression of the PAP
gene was reduced by both androgens and EOF. and the effect of EOF
seems to be more decisive in determining the expression level, since
it can potentiate the down-regulation by androgen whereas no addi

tional effect of androgen can be seen in addition to the EOF effect.
It is not known how EOF, or the other growth factors, modulate the

expression of the PAP, PSA, hGK-I. or hAR genes. The steady-state

levels of the corresponding mRNAs are affected, suggesting that
either the rate of transcription or the stability of the mRNAs is altered,
but the molecular mechanisms by which an extracellular growth factor
affects the levels of transcription of specific genes in the nucleus are
still poorly understood. The binding of EOF to its membrane tyrosine
kinase receptor is known to activate many second messenger path
ways and to modulate the activity of several intracellular kinases by
tyrosine phosphorylation (31, 35), and the expression of a number of
early response genes, including c-fos and c-jun, two protooncogenes
which together form the transcription factor AP-1 heterodimer (36), is

also activated (31 ). The promoter of the PSA gene contains a putative
AP-1 recognition element (37), as does the first intron of the PAP
gene.5 Thus the direct participation of AP-1 in the regulation of PAP

and PSA gene expression may take place. On the other hand, AP-1 has
been shown to modulate the activation of transcription from trans-

fected promoters by the human androgen receptor (38). It remains to
be elucidated, however, whether AP-1 or other proteins participate in

the observed effects of EOF.
The fact that EGF also reduced the amounts of PAP and PSA

secreted most probably occurred because the availability of PAP and
PSA mRNAs for translation into the secreted proteins was reduced.
On the other hand, that TGF-ÃŸ,up-regulated the expression of PAP

mRNA while it did not affect the secretion of PAP would suggest that
the translation of PAP mRNA is also regulated.

We observed that there is a lower level of PAP gene expression in
cells the proliferation of which is stimulated by either androgen or
mitogenic growth factors. Furthermore, TGF-ÃŸ,,which is inhibitory
to many types of cell, including normal prostatic cells (39, 40), up-

regulated the level of PAP mRNA in LNCaP cells. It would be tempt
ing to speculate that an inverse correlation may exist between the
proliferation of prostatic epithelial cells and the amount of PAP in

4 Unpublished observations.
5 E. Birr, P. Virkkunen. and P. Vihko. unpublished observations.
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Fig. 5. Effects of EGF and R1881 in the absence
of serum. LNCaP cells were plated in RPMI me
dium containing 10% PCS and allowed to attach.
The media were then replaced with RPMI medium
containing I* CSS, and 2 days later with one con
taining 0.1% CSS. One day later the cells were
given RPMI medium containing 10 ng/ml EGF
( ), 0.1 HMR1881 ( ), both ([x]). or the vehicle
alone (D) and cultured for 3 days. The LNCaP cells
remained viable and conserved their original mor
phology during this incubation period. After 3 days
the cells were counted, total RNA was extracted as
usual, and Northern blot analyses were performed
as described in the legend to Fig. 3. The data are
means Â±SD (bars) from 3 to 4 separate determi
nations. *, Â±,P < 0.05; **. P < 0.01; ***. P <
0.001. *, treatment versus control; Â±, treatment

versus 10 ng/ml EGF.
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those cells. PAP can dephosphorylate phosphotyrosine proteins under
suitable conditions (5, 6), and it has been shown to dephosphorylate
EGFR in membrane vesicles prepared from prostatic cells in vitro
(41). It has been suggested that PAP may participate in the regulation
of cellular tyrosyl kinases involved in cell growth control (41). Some
of our data contradict this hypothesis, however, for while TGF-ÃŸ,

significantly inhibited the mitogenic effect EGF on LNCaP cells, it did
not reverse the down-regulation of PAP gene expression by EGF, as

would have been expected if PAP expression was somehow connected
to the proliferative status of the cells. Recent data from studies in
which PAP cDNA was transfected into fast growing human prostatic
cells lacking the expression of the endogenous PAP gene showed that
cells producing and secreting PAP in high amounts after transfection
had growth properties indistinquishable from those of the parental cell
line (42). It therefore seems more likely that the high level of PAP
gene expression in well-differentiated epithelial cells is a consequence

of the functional status of the cells, a status which is also characterized
by a lack of proliferation, rather than an indicator or regulator of cell
proliferation. The level of PSA expression did not correlate with the
growth of the LNCaP cells either, for EGF, R1881, and EGF together
with R1881 stimulated the growth of the cells in a similar manner, but
the three treatments resulted in quite different levels of PSA gene
expression.

The expression of the human androgen receptor is down-regulated

by androgen in the LNCaP cell line (4), and it is demonstrated here
that also growth factors, such as EGF and TGF-a, can also alter the

level of hAR mRNA and, furthermore, that EGF can reinforce the
down-regulation of hAR mRNA by androgen. In the presence of
androgens, the effect of EGF on the other androgen-regulated genes

may be partly mediated by the reduction in the expression of the hAR
gene. Likewise, the loss of androgen responsiveness of transformed
prostatic cell lines may be partly connected to increased secretion of

Fig. 6. Effect of TGF-a and TGF-ÃŸ,on PAP and
PSA secretion. LNCaP cells were treated for 3 days
with a medium containing 10 ng/ml EGF, 100
ng/ml TGF-a, 10 ng/ml TGF-ÃŸ,.or 10 ng/ml EGF
and 10 ng/ml TGF-/3,, with or without 0.1 nM
R1881. Control cultures received medium contain
ing the vehicle alone. The amounts of PAP and PSA
secreted were determined from the culture medium,
and the cells were harvested and counted. The
amounts of the proteins secreted were calculated
per IO6cells in order to account for changes in cell

number in the cultures. Data are means Â± SD
(bars) from 3 to 8 separate experiments each con
sisting of triplicate determinations. *. P < 0.05;
**, OO, P < 0.01; *** and OOO. P < 0.001. Â»,

treatment versus control; O. treatment versus O.I
nsi R1881.
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Fig. 7. Effect of TGF-a and TGF-ÃŸ,on steady-state levels of PAP, PSA. hOK-1, and
hAR mRNAs in LNCaP cells. LNCaP cells were treated for 3 days with a medium
containing 10 ng/ml EGF, 100 ng/ml TGF-a. 10 ng/ml TGF-ÃŸ,, 10 ng/ml EGF, and 10
ng/ml TGF-ÃŸi, or the vehicle alone (control). The steady-state levels of the specific
mRNAs were analyzed as described in the legend to Fig. 3. Data are means Â±SD (Â¿ara)
from 3 to 9 separate determinations. *, P < 0.05; **, P < 0.01; ***, P < 0.001. as

compared with the control.

EGF and TGF-a, as is observed for the human cell lines PC-3 (43) and
DU-145 (44). However, other mechanisms must be operating in this

process as well.
The emerging androgenic regulation of genes coding for prostatic

growth factors and their receptors is of importance in this context.
Expression of the epidermal growth factor is under androgenic control
in LNCaP cells (20-22), and these LNCaP cells secrete unknown

peptide growth factors in response to androgen treatment (45), while
among the growth factors characterized to date at least the acidic FGF
gene (46), the secretion of TGF-a (22), and the expression of the
TGF-ÃŸ,and TGF-ÃŸ3genes (47, 48) have been reported to be regu

lated by androgen. These cumulative data on the LNCaP model of
prostatic carcinoma demonstrate the presence of an integrated network
of interacting regulatory systems in which one component is likely to
affect the functioning of most of the others by altering their expression
levels. The second messenger systems activated or modulated by the
binding of the various growth factors to their cognate receptors may
provide one possible mechanism for the observed interactions be
tween the different mitogens and modulators of function.

In summary, we have demonstrated here that growth factors not
only affect the growth of prostatic cells but also regulate the biosyn

thesis and secretion of specific prostatic proteins. The androgen-reg-
ulated genes coding for PAP, PSA, and hGK-1 are shown to be
down-regulated by EGF and TGF-a, presumably through activated

epidermal growth factor receptor. These factors also alter the androgen
regulation of these genes. Furthermore, expression of the human an
drogen receptor was also affected by these growth factors, also in the
presence of androgens, suggesting that it may be one of the causes of
the altered expression of androgen-regulated genes. In conclusion, the
two pathways regulating the production of prostate-specific proteins

and growth of prostatic cells, namely androgens and growth factors
and their receptors, interact at several levels.
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