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The Smooth Muscle γ-Actin Gene
Is Androgen Responsive in Prostate Epithelia

R. A. FILLMORE,* D. A. DEAN,†1 AND W. E. ZIMMER*2

Departments of *Cell Biology and Neuroscience and †Microbiology and Immunology,
University of South Alabama, Mobile, AL 36688

Nkx 3.1 is an evolutionarily conserved vertebrate homolog of the Drosophila Nk-3 homeodomain gene bagpipe
that is expressed by a variety of cells during early mammalian development and has been shown to be a critical
factor for prostate development and function. Previous studies utilizing a heterologous cell transfection strategy
from our laboratory identified the smooth muscle γ-actin (SMGA) gene as a novel molecular target of Nkx 3.1
regulatory activity. In the studies presented here, SMGA gene activity and regulation were evaluated in normal
and cancerous prostate epithelial cells. SMGA transcripts were demonstrated in prostate epithelia and SMGA
mRNA levels were increased in androgen-responsive LNCaP cancer and normal prostate epithelial cells.
SMGA gene transcriptional activity was androgen responsive in these cells and required a segment of the human
SMGA promoter containing NKE and SRF (serum response factor) binding elements. This region of the hu-
man SMGA proximal promoter is well conserved across species and is synergistically activated by coexpression
of Nkx 3.1 and SRF in heterologous CV-1 cells. SMGA transcription was not responsive to steroid in PC-3
prostate epithelial cancer cells, which do not express Nkx 3.1. However, SMGA transcription was influenced by
expression of androgen receptor in these cells, a situation that allows the androgen-dependent expression of Nkx
3.1. Furthermore, SMGA gene activity was influenced by direct Nkx 3.1 expression in the PC-3 cells. Thus,
SMGA gene activity in prostate epithelia is due, in part, to the androgen-dependent expression of Nkx 3.1. As
such, our studies provide the initial description of Nkx 3.1 target gene regulatory activity in the prostate.

Developmental gene regulation Androgen receptor Prostate cancer Tissue-specific expression
Transcriptional regulation Nk-homeodomain Serum response factor

THE prostate is a ductal gland situated at the base the responding epithelium, but the molecular factors
that are affected in this manner remain undefined.of the bladder comprised of tall columnar epithelium

surrounded by stroma that contributes secretory pro- Among the few regulatory genes known to be
expressed in the prostate epithelium, the Nkx 3.1teins to the seminal fluid. Normal prostate growth

and differentiation requires inductive interactions be- homeobox gene is of particular interest as it maps
to the minimal region of human chromosome 8p21tween epithelial and stromal components. At all stages

of prostate development as well as maturity, tissue (17,46) that undergoes loss of heterozygosity in 60–
80% of prostate tumors (11,42,43,45). Although Nkxinteractions require functional androgen receptors,

initially in the mesenchyme and subsequently in the 3.1 is expressed early in the sclerotome and a subset
of vascular smooth muscle cells and later in the pros-epithelium (12,14). The reciprocal signaling interac-

tions that are responsible for proper prostate develop- tate, palatine gland, and restricted regions of the cen-
tral nervous systems and lobular arteries of the kid-ment and maturation are likely to exert their effects

through the alteration of gene expression patterns in ney (5,39,41), many studies have ascribed a role for
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Nkx 3.1 in normal prostate development and func- cells (PrEC) (BioWhittaker, Walkersville, MD) were
derived from a 17-year-old donor. The PrEC weretion, with a potential role in prostate carcinogenesis.

For example, Nkx 3.1 expression during embryogen- maintained in the suggested medium in the Prostate
Cell Systems protocol obtained from the supplier.esis appears to demarcate prospective prostate epithe-

lium prior to prostate formation and continues to mark
prostate epithelium during neonatal development (1,4). Northern Blot Analyses
Furthermore, Nkx 3.1 null mutants generated by gene

Total RNA was obtained from prostate cell lines
targeting display defects in ductal morphogenesis and

or normal prostate cells using the RNA STAT-60
secretory protein production. Finally, Nkx 3.1 loss re-

(Tel Test β, Inc., Friendswood, TX) reagent. Equiva-
sults in epithelial hyperplasia and dysplasia that in-

lent quantities of RNA (5–10 µg) to be analyzed
creases in severity with age, modeling a preneoplastic

were denatured by glyoxal treatment, size fraction-
condition (1,4). Because of its described functions

ated on 1.2% agarose gels, and the RNAs within the
within the prostate, knowledge of the genes it regu-

gels then transferred to nylon membranes (Biotrans,
lates is of paramount importance for understanding

ICN, Irvine, CA) as described previously (22). Dupli-
prostate development, differentiation, and possibly

cate RNA samples and RNA molecular weight mark-
the progression of carcinogenesis.

ers run on the gel were cut away from transferred
Smooth muscle gamma actin (SMGA) is the first

samples and ethidium bromide stained for photo-
identified molecular target for Nkx 3.1 regulatory ac-

graphing. The membranes containing RNAs were in-
tivity (7). The combination of serum response factor

cubated with the appropriate 32P-labeled probes
(SRF) and Nkx 3.1 was shown to potentiate the syn-

[�1–2 × 106 cpm/ml hybridization buffer for the 3′
ergistic activation of SMGA activity via a novel cis-

UTR of the human SMGA mRNA (22) or coding
element found within the first 100 bp of the pro-

sequences of the human Nkx 3.1 and SRF mRNA
moter. The present studies examine the regulation

(7)] essentially as previously described by Kovacs
of SMGA gene activity by SRF and Nkx 3.1 in pros-

and Zimmer (22). Nonspecific probe binding was
tate epithelia. We found that SMGA transcripts were

washed from the membranes by incubation in 0.5×
present in the normal and cancerous prostate epithe-

SSC, 0.5% SDS at 42°C with constant agitation and
lia. Moreover, SMGA mRNA levels were upregu-

the membranes then exposed to BMR1 X-ray film
lated in response to androgen treatment, and we dem-

(Kodak Inc., Rochester, NY) using Dupont Lightning
onstrate that the androgen-responsive appearance of

Plus intensifying screens for a variety of times rang-
SMGA gene activity in prostate epithelia is due to

ing from 1 to 48 h. Quantitative analysis of hybridiz-
the androgen-dependent expression Nkx 3.1. The re-

ing signal was accomplished by scanning the blots
sults of these studies are important because they pro-

with a Umax Astra 1200S scanner and analyzing the
vide the first description of an Nkx 3.1 target gene

data with the Molecular Analyst software (Bio-Rad,
regulation in the prostate, which will aid in the under-

Melville, NY). 18S and 28S rRNA within the same
standing of prostate development, differentiation, and

lane of the individual Northern blots were also quan-
carcinogenesis.

titated and used to control for RNA loading.

DNA Transfections
MATERIALS AND METHODS

CV-1 transfection experiments were performed us-
Cell Cultures

ing the Lipofectamine reagent (GIBCO BRL) as de-
scribed previously (7) with the exception that cellsCV-1 cells (ATCC, catalog No. 70-CCL) were

maintained at 37°C, 5% CO2 in Dulbecco’s minimal were plated in 24-well dishes. DNA/liposome mix-
tures were added to each well of cells (in quadrupli-essential medium (DMEM) with 0.2% sodium bi-

carbonate, 1× antibiotic/antimycotic (GIBCO BRL), cate) and the cells incubated at 37°C, 5% CO2 for
5–6 h. Following the incubation, 1 ml of completeKanamycin (0.1 mg/ml), and 10% fetal bovine se-

rum. The human adenocarcinoma LNCaP cell line growth medium was added, and the cells were then
allowed to incubate at 37°C, 5% CO2 for 48 h before(ATCC catalog No. CRL 1740) was maintained in

RPMI medium supplemented with 1 mM L-glutamine, harvesting.
LNCaP and PC-3 cells were also transfected using10 mM HEPES, pH 7.2, 0.25% glucose, 2 mM so-

dium pyruvate, 10% FBS, and 2% penicillin/strepto- Lipofectamine reagent essentially as above. How-
ever, the medium used throughout the process wasmycin. The human adenocarcinoma PC-3 cell line

(ATCC catalog No. CRL 1435) was maintained in RPMI lacking phenol red but containing charcoal-
stripped FBS. Following transfection, 1 ml of me-RPMI medium supplemented with 10% FBS and 2%

penicillin/streptomycin. Normal prostate epithelial dium was added to each dish [steroid-stripped me-
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dium with either ethanol (EtOH) or R1881 (NEN, transcriptional activity in a system, monkey kidney
CV-1 cells, that does not normally express all threeBoston, MA; made in 100% EtOH) to give a final

concentration of 1% or 10 nM, respectively]. The of these factors (7). Nkx 3.1 expression is found in
the somites of early embryos (21), but in later stagecells were then incubated at 37°C, 5% CO2 for 48 h

until harvesting. embryos and adults is found in brain, kidney (particu-
larly the blood vessels), duodenum, and cardiac out-Transfection of normal prostate epithelial cells was

performed using methods similar to those used for flow tract (17,21,36,39,41,48). However, the predom-
inant place of expression seen for Nkx 3.1 is in theLNCaP cells, except that the medium used after

transfection was the normal growth medium with male urogenital system including the testis, seminal
vesicle, and particularly within prostate ductal epithe-R1881 or EtOH to give a final concentration of 10

nM R1881 or 1% EtOH. lial cells. To address whether SMGA and SRF are
found in prostate epithelia, Northern blot analyses

DNA Constructs were carried out using an androgen-responsive pros-
tate adenocarcinoma cell line, LNCaP (15,18,19,26).The plasmids encoding pCGN-SRF (8–10) and
As shown in Figure 1A, all three transcripts are pres-pCGN-Nkx 3.1 (7), as well as pCGN empty expres-
ent in this prostate epithelial cell line. Because of thesion vector, have been described. The human SMGA
novelty of finding the presence of smooth muscle-gene was isolated in a P1 clone. Progressive 5′ dele-
specific SMGA transcripts in this epithelial cell type,tions of the human SMGA promoter were obtained
control hybridization experiments were employed toby PCR and cloned into pGL-3 Basic plasmid
demonstrate the isoform specificity of the SMGA(Promega) driving the expression of the firefly lucif-
probe used (data not shown). Nkx 3.1 expression inerase reporter gene (6,23). DNAs were prepared by
prostate epithelial cells has been demonstrated to bethe Plasmid Midi Kit from Qiagen (Chatsworth, CA).
androgen dependent (5,17,21,36,39,41,48), and weThe DNA samples were quantitated by absorbance at

260/280 nm using a Beckman Instruments DU Series
600 Spectrophotometer (Beckman Instruments).

Luciferase Assays

The level of promoter activity was evaluated by
measurement of the firefly luciferase activity present
in the measured sample volume using the Luciferase
Assay System as outlined by the supplier (Promega)
using a Turner Model 20 luminometer (Turner De-
signs, Sunnyvale, CA). The amount of firefly lucifer-
ase activity was normalized to the total microgram of
protein in the sample (determined using the Bio-Rad
Protein Assay System), and normalized activities
from multiple experiments were averaged and plotted
± SEM.

Statistical Analyses

Statistical analyses for transfection and densito-
metric data were carried out using the Statistix for
Windows software (Analytical Software, Tallahassee,
FL). The analyses performed utilized the AOV method
of comparison of the means for statistical signifi-
cance at p < 0.05. Figure 1. SMGA mRNA presence and androgen responsiveness

within LNCaP cells. (A) Representative autoradiograms from North-
ern analyses using RNA isolated from LNCaP cells treated with
either vehicle (lane 1) or increasing amounts of androgen (R1881;RESULTS
0.1–10 nM) with 32P-labeled DNA probes representing human
SMGA, SRF, or murine Nkx 3.1 are shown. (B) Striped bars repre-SMGA mRNA Content Is Androgen Responsive
sent each specific band appearing in (A) derived from cells cul-

in Prostate Epithelial Cell Lines tured in the presence of vehicle, while the black bars represent
those bands appearing in (A) in the presence of 10 nM R1881. The

We have previously shown that Nkx 3.1 and SRF results are shown as the mean ± SE. *Statistical significance in the
presence of R1881 versus its absence at p < 0.05.selectively and synergistically activate SMGA gene
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observed that treatment of the cells with synthetic an- SMGA Promoter Is Transcriptionally Activated
in Androgen-Treated Prostate Epithelial Cellsdrogen, R1881, not only resulted in a dose-dependent

increase in Nkx 3.1 transcripts, but also a 2.6-fold,
statistically significant increase in the SMGA tran- We asked whether the SMGA gene was capable

of being transcriptionally activated within the LNCaPscripts (Fig. 1). Further, as R1881 dosage increased
there was a trend of increasing SMGA mRNA, paral- cells to examine the possibility that Nkx 3.1 and SRF

are activating SMGA transcription within these cells.lel to Nkx 3.1 mRNA. Although present in LNCaP
cells, SRF mRNA remained constant throughout an- We utilized transient transfection analyses of the

prostate cancer cells in order to compare the activa-drogen treatment (Fig. 1). These data show that all
three transcripts (Nkx 3.1, SRF, SMGA) are present tion obtained by different human SMGA promoter

deletion fragments. There was rather strict mainte-in prostate epithelial cell lines, and reveal the andro-
gen-sensitive regulation of SMGA gene activity in nance of sequence identity over the initial �400 bp

of SMGA promoter segments as well as maintenancethese cells. The present findings, in addition to our
previous in vitro studies (7), suggest an in vivo an- of spacing of major cis-elements across species (Fig.

2A). Several human promoter fragments (Fig. 2B)drogen-sensitive activation of SMGA gene activity
via Nkx 3.1 and SRF within prostate epithelial cells. were tested for activity within the LNCaP cells either

Figure 2. SMGA transcriptional activity within normal and cancerous prostate epithelial cells. (A) Sequences representing the first �200
bp of the avian, murine, and human SMGA promoter are compared. The two CArG elements are indicated by boxes, and the bent arrows
represent the 5′ limit of human promoter sequences fused to the firefly luciferase reporter gene used in the present study. Also indicated is
a putative half-site ARE found in the mammalian SMGA promoters. (B) The human SMGA promoter fragments linked to the firefly
luciferase gene indicating the location of the TATA box, CArG, NKE element, and putative half-site ARE. (C) Luciferase results from the
transfection of LNCaP cells with 1.2 µg of the indicated SMGA promoter construct. After transfection, the cells were either maintained in
vehicle (striped bars) or 10 nM R1881 (black bars) before harvesting at 48 h for analysis. The results are shown as the fold induction by
each promoter fragment over that obtained by the promoterless vector (pGL3-Basic). Results are derived from a minimum of six experiments
performed in quadruplicate for each condition and are shown as the mean ± SEM. *Statistical significance at p < 0.05 for the activation
obtained in the presence of R1881 over the activation obtained in its absence. (D) The luciferase activity results from the transfection of
normal prostate epithelial cells with 1.2 µg of the indicated SMGA promoter construct. After transfection, the cells were maintained in
either vehicle (striped bars) or R1881 (10 nM; black bars) before harvesting at 48 h for analysis. The results are shown as the fold induction
by each promoter fragment over that obtained by the pGL3-Basic promoterless vector. The results represent four experiments performed in
quadruplicate for each condition and are shown as the mean ± SEM. The inset is representative autoradiogram of slot blots consisting of 10
µg RNA isolated from normal prostate epithelial cells treated with 10 nM R1881 and hybridized with the 32P-labeled SMGA probe.
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in the absence or presence of androgen, and the re- and a putative half-site ARE were added (HSMGA3),
resulting in approximately four- to sixfold activationsults are shown as the fold induction by each con-

struct over that obtained from a promoterless vector in PrEC depending on the absence or presence of an-
drogen (Fig. 2D). SMGA promoter activity produced(Fig. 2C). HSMGA1, which contains a basic TATA

sequence, caused an activation of SMGA promoter in the presence of androgen was consistently higher
(approx. sixfold) than in nontreated cells (�3.5-fold).activity approximately two- to threefold over the pro-

moterless construct in the absence or presence of Therefore, the presence of SMGA mRNA and the
transcriptional capacity of the SMGA gene withinR1881. Adding sequences containing the Nke/CArG1

element (7) resulted in only a slight increase in stimu- prostate cells is not a property strictly attributed to
the transformed phenotype.lated activity (approx. three- to fourfold), regardless

of R1881 treatment. However, if sequences contain-
ing CArG/SRE2, which has been shown to strongly Nkx 3.1 and Serum Response Factor Synergize
bind SRF (6), as well as a potential half-site ARE to Activate Transcription From the Human
(androgen response element, −169 to −162, Fig. 2A) SMGA Promoter
were added to the construct, there was an androgen-
dependent, statistically significant increase in activity Transient transfection analyses using smooth mus-

cle cells demonstrated similar activities of the equiva-seven- to eightfold over the promoterless vector. Thus,
SMGA is capable of being transcriptionally activated lent human and chicken SMGA promoter fragments

extending over the first four conserved CArG/SREwithin LNCaP cells in an androgen-responsive
manner. motifs (data not shown). Although SMGA promoter

sequences are conserved across species (Fig. 2A), dif-To distinguish whether the androgen-responsive
SMGA gene regulation was a property of prostate ep- ferences among these sequences are observed with-

in the NK/CArG element previously demonstrated toithelia or was due to anomalous effects of gene acti-
vation in cancer cell lines, we performed studies us- be required for Nkx 3.1/SRF activation of the avian

SMGA promoter. As shown in Figure 3, SRF in-ing normal prostate epithelial cells. Slot blot analyses
of RNA isolated from normal epithelial cells (PrEC) duced the human SMGA promoter fragment equiva-

lent to previously published analyses of the aviandemonstrate the presence of SMGA transcripts (Fig.
2D). We next analyzed SMGA transcriptional capac- promoter (7) (HSMGA3) �5- to 10-fold (Fig. 3A),

while Nkx 3.1 potentiated SMGA activity at �15- toity within the normal prostate cells. Little activity
was obtained until sequences containing CArG/SRE2 20-fold. However, the addition of SRF with Nkx 3.1

Figure 3. Human SMGA promoter is stimulated by SRF and Nkx 3.1 while androgen receptor is not sufficient for transcriptional activation.
(A) The human −205 bp SMGA promoter fragment fused to the firefly luciferase reporter gene (0.3 µg) was transfected into CV-1 cells
along with either empty CMV (open bar), SRF (striped bar), Nkx 3.1 (gray bar), or SRF in combination with Nkx 3.1 (black bar; both at
0.3 µg each). The transactivation reactions were balanced to 1.2 µg DNA content by the addition of empty CMV expression vector (pCG).
The results are shown as the fold induction by each vector or combination of vectors over that obtained by the empty CMV expression
vector (white bar). Results were derived from three experiments performed in quadruplicate for each condition and are shown as the mean
± SEM. *Statistical significance at p < 0.05 for the activation obtained by the condition indicated over that derived from the empty vector
alone. (B) The HSMGA3 promoter fragment fused to luciferase (0.3 µg) was transfected into CV-1 cells along with either AR (0.3 µg) or
the empty CMV expression vector are shown. After transfection, the cells were maintained in either vehicle (striped bars) or R1881 (black
bars) for 48 h before harvesting for luciferase analyses. The results are shown as the fold induction of luciferase activity in the presence of
AR over that obtained by the empty expression vector. The reactions were balanced to 1.2 µg DNA content by the addition of empty CMV
promoter vector (pCG). The results were determined from a minimum of three experiments performed in quadruplicate for each condition
and are shown as the mean ± SEM.
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resulted in a synergistic activation of the human of HSMGA3 whether in the absence or presence of
androgen (Fig. 3B). These results suggest that ARSMGA promoter similar to that seen for the chicken

gene (Fig. 3A). Thus, these data demonstrate that the alone, and thus the half-site ARE, is not totally suffi-
cient for directly activating androgen-responsivehuman SMGA promoter is synergistically regulated

by SRF and Nkx 3.1. SMGA transcriptional activity.
The human SMGA promoter fragment that was ac-

tivated in an androgen-responsive manner within the SMGA Gene Activation in Prostate Epithelia
PrECs contained sequences encompassing a putative Is Dependent on Nkx 3.1 Expression
half-site ARE (HSMGA3), which prompted us to
study the requirement for this site for the androgen- PC-3 is a prostate cancer cell line that displays an-

drogen-independent growth responses due to the lackresponsive action on SMGA gene activity. It is
known that AREs function through the binding of of androgen receptor (26). Further, PC-3 cells dem-

onstrate misregulation of genes characteristic of ma-transcriptionally capacitated AR. As such, HSMGA3
was transiently transfected into CV-1 cells (which do ture prostate epithelia, such as prostate-specific anti-

gen (26,47). PC-3 cells were grown either in thenot express AR, Nkx 3.1, or SMGA) along with AR.
AR alone had no effect on the transcriptional capacity absence or presence of increasing amounts of andro-

Figure 4. AR and Nkx 3.1-mediated stimulation of HSMGA3 gene activity. (A) Representative autoradiograms from Northern analyses
using RNA isolated from PC-3 cells treated with either vehicle (lane 1) or increasing amounts of androgen (R1881; 0.1–10 nM) with 32P-
labeled DNA probes representing human SMGA, SRF, or murine Nkx 3.1 are shown. (B) The HSMGA3 promoter fragment fused to the
firefly luciferase gene (0.3 µg) was transfected into PC-3 cells along with either AR (0.5 µg), Nkx 3.1 (0.5 µg), or the corresponding empty
CMV expression vector. The results are shown as the fold induction seen by the presence of the various factors over that seen by the empty
vector. The results are representative of a minimum of two experiments performed in triplicate for each condition and are shown as the
mean ± SEM. *Statistical significance at p < 0.05 for the activation obtained by AR in the presence of androgen versus its absence. PC-3
cells were transfected with expression vector encoding human AR or the empty vector and the cultures then incubated with R1881 to
examine the AR-dependent expression of Nkx 3.1 by RT-PCR (C) and Western blotting (D) analyses. (C) The relevant portion of a gel in
which RNA from PC-3 cells transfected with empty vector (lanes 2 and 3) or an AR expression vector (lanes 4 and 5) were probed by RT-
PCR using oligos specific for Nkx 3.1 mRNA (680-bp band) and GAPD (420-bp band). Quantitative analyses of three separate experiments
revealed an increase of approximately fivefold (4.97 ± 0.05) of Nkx 3.1 mRNA in cells expressing human AR and incubated in 10 nM
R1881. (D) Western blot of protein extracted from PC-3 cells transfected with a human AR expression vector or empty vector. Total cellular
proteins were separated on 12.5% SDS-PAGE and transferred to nitrocellulose sheets. The blots were probed with an anti-Nkx 3.1 antibody
(gift of Dr. Ed Gelmann) at a dilution of 1:10,000. The blots were developed with a chemilumenesence kit as previously described (7).
Lanes 1 and 2 are proteins from control, vector-only cells while lanes 3 and 4 represent proteins derived from cells treated with a human
AR expression vector. Lane 5 shows protein derived from Nkx 3.1-positive LNCaP cells as a positive control.
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gen before RNA was isolated for use in Northern to determine if Nkx 3.1 and SRF regulated SMGA
gene expression in prostate epithelia. Northern analy-blotting analyses to examine the expression of Nkx

3.1, SRF, and SMGA in prostate epithelia that ses of RNA isolated from a well-characterized human
prostate adenocarcinoma cell line, LNCaP cells (15,no longer respond to androgen. As found with the

LNCaP cells, both SMGA and SRF transcripts were 18,19,26), demonstrated the presence of SRF and
SMGA transcripts in cells treated with the syntheticpresent within this cell line (Fig. 4A). However, un-

like the results for LNCaP cells, Nkx 3.1 transcripts androgen, R1881 (Fig. 1). An androgen-dependent
regulation of Nkx 3.1 has been previously demon-were absent, and significantly, there was a lack of

androgen-responsive induction of SMGA gene ac- strated in LNCaP and other androgen-responsive
prostate epithelial cells (5,17,36,39,48). Our resultstivity in these cells. These results imply that the

androgen-responsive expression of SMGA gene ac- demonstrated that although LNCaP cell SRF tran-
script levels were unaffected by androgen treatment,tivity within prostate cancer cells requires the action

of AR and/or Nkx 3.1. there was a dose-dependent increase in Nkx 3.1 tran-
scripts and a concomitant, statistically significant, in-As shown in Figure 3B, androgen receptor alone

was incapable of stimulating SMGA transcription crease in SMGA transcripts in R1881-treated cells.
These data indicated that an Nkx 3.1-dependent tran-when cotransfected into AR-negative cells (CV-1).

Thus, we next pursued the possibility that the upregu- scriptional activation of the SMGA gene is possible
in androgen-stimulated prostate epithelial cells. Con-lation of androgen-responsive SMGA gene activity

was due to the androgen-dependent increase in Nkx sistent with this hypothesis, a proximal segment of
the human SMGA gene promoter was capable of3.1 transcripts. To address this, PC-3 cells were tran-

siently transfected with HSMGA3 and AR and left in androgen-responsive transcriptional activation in
LNCaP and normal prostate epithelial cells (Fig. 2).either the absence or presence of androgen. It has

been demonstrated that PC-3 cells transfected with The segment of the human SMGA promoter neces-
sary for steroid-dependent transcriptional activationDNAs encoding functional androgen receptor can re-

store, to some degree, androgen-dependent transcrip- in prostate cells contains multiple cis-acting elements
that include CArG/SRE and NKE motifs (Fig. 2), andtional responses to target genes such as Nkx 3.1 (4).

We verified the induction of Nkx 3.1 mRNA and pro- is a well-conserved segment of DNA demonstrated to
be synergistically acted upon by SRF and Nkx 3.1tein expression in AR transfected PC-3 cells using

RT-PCR and Western blotting (Fig. 4). The PC-3 (Fig. 3). Importantly, we show that increasing Nkx
3.1 expression in the androgen-independent prostatecells were also transiently transfected with HSMGA3

along with Nkx 3.1 and left either in the absence cell line PC-3, cells that do not express functional
androgen receptors or Nkx 3.1 (5,39), increases SMGAor presence of androgen. Addition of Nkx 3.1 to the

PC-3 cells resulted in an �1.5-fold increase in gene transcription. Therefore, our results demonstrate
that SMGA is a regulated gene in prostate epithelialSMGA gene activity, regardless of the presence of

androgen (Fig. 4B). Addition of AR to these cells cells, and appropriate expression of this gene occurs
in prostate epithelia in part through an Nkx 3.1-resulted in an androgen-sensitive �1.5-fold increase

in SMGA transcriptional activity (Fig. 4B). Taken dependent mechanism. Although a potentially unex-
pected result, this would explain recent observationstogether, our studies indicate that the androgen-

sensitive activation of SMGA gene activity seen in of significant SMGA mRNA levels determined by
expressed sequence tag (EST) analyses of cDNA li-prostate epithelia is due to the androgen-dependent

increase in Nkx 3.1. braries derived from normal and cancerous prostate
epithelial (16,30–32). Because by our criteria SMGA
is a product of the differentiated prostate epithelial
cell, an understanding of mechanisms governing itsDISCUSSION
expression will enhance comprehension of the ge-
netic basis of prostate cell differentiation.We have previously demonstrated in a heterolo-

gous transfection assay system that Nkx 3.1 and SRF It is clear that cell-specific transcription of the
SMGA gene requires complex interactions of factorscan collaborate to activate transcription from the

avian SMGA promoter (7). Although Nkx 3.1 is ex- upon multiple cis-acting DNA elements. A major ele-
ment that influences SMGA transcription is thepressed within a variety of mesodermally derived cell

types (21,39,41), it exhibits predominant expression CArG/SRE, of which there are multiple representa-
tions in two separate, positive-acting domains of thewithin the male reproductive system, specifically

within the urogenital system and prostate epithelia SMGA promoter called the specifier and modulator
(23). CArG/SRF-dependent stimulation of SMGA(41,48). Thus, a major goal of the present study was
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transcription occurs through the binding of SRF- part of the androgen-dependent SMGA transcriptional
activation in prostate epithelial cells occurs from en-containing nuclear complexes (6,7). Thus, our dem-

onstration of prostate epithelial cell SRF expression hanced Nkx 3.1 expression, the ability of SRF to
form higher order complexes with steroid receptorindicates that such an SRF-dependent mechanism is

operable within those cells. coactivation protein(s) may explain the increased
SMGA transcription we observe when androgen re-The SMGA locus is highly conserved among all

species examined to date (chick, mouse, human, rat), ceptor negative PC-3 cells were transfected with AR
compared with transfection of these cells with Nkxincluding sequences surrounding the gene as well as

the structure of the gene (23). However, differences 3.1 alone (Fig. 4). Furthermore, because SRF activity
is dependent upon phosphorylation of specific resi-among these sequences have been noted. We observed

that within the promoter segments of the mammalian dues (8–10,40,44), it is possible that the SRF in
PC-3 cells does not allow for optimal interaction withSMGA genes there is a sequence (TGATAACT,

−169 to −162, Fig. 2A) that is similar in structure Nkx 3.1. We are currently pursuing experiments to
address if steroid receptor/coactivation protein com-to the cis-element responsible for androgen receptor-

dependent transcriptional activation, the ARE (13). plexes are capable of ligand-dependent transcrip-
tional activation of genes (SMGA) through direct as-An ARE (or half-site ARE) is not apparent in the

avian gene, which may indicate a difference in the sociation with SRF.
An interesting finding from our work presentedregulatory potential of the mammalian and avian

SMGA genes with regard to androgen responses. Our here is the misregulation of SMGA gene activation
in the androgen-independent prostate cancer cellresults show that the addition of the potential ARE

sequence allowed the androgen-dependent activation PC-3. Although SMGA transcripts were present in
the LNCaP and PC-3 cell lines, we found higherof the human SMGA promoter in LNCaP cells (Fig.

2). However, cotransfection of CV-1 cells with the basal levels of SMGA transcripts in PC-3 cells.
Moreover, androgen treatment did not affect SMGAhuman promoter-luciferase reporter and a vector ex-

pressing human androgen receptor was unable to transcript levels within the PC-3 cells. This result
underscores the requirement of androgen-dependentdemonstrate an androgen-stimulated transcriptional

response. Thus, androgen receptor alone is not able induction of Nkx 3.1 for the androgen-responsive
SMGA gene regulation, as AR, and consequentlyto stimulate androgen-responsive HSMGA promoter

activity. This might be due to the inability of the Nkx 3.1, are not expressed in the PC-3 cells (26,33).
The lack of androgen-responsive SMGA gene activ-ARE half-site within the human promoter to attract

receptor binding. Steroid hormone response elements ity in these less differentiated, more aggressive can-
cer cells (26) suggests that the progression from anoften contain a nearly cononical half-site of TGTTCT

and another half-site of considerable deviation (30, androgen-dependent into an androgen-independent
prostate epithelial cell adenocarcinoma involves a ho-38). Although the mammalian SMGA gene half-site

ARE maintains a critical thymidine at position −4 meodomain-dependent loss of SMGA gene regula-
tion. One explanation for the misregulation of the(38), the existence of the nonconserved ARE segment

has not been demonstrated. Thus, the androgen- SMGA gene within androgen-independent prostate
cancer cells may indeed reside with the SRF/Nkx 3.1dependent stimulation of SMGA transcription ob-

tained through the nucleotides −205 to −90 of the complex. It has been demonstrated that SRF plays
a primary role in the regulation of both cell cyclehuman promoter may occur through interactions with

the additional CArG sequence (CArG/SRE2), or the stimulatory and also differentiated stage-specific
genes. The X-ray crystal structure of SRF bound tointeractions of proteins that recognize or stabilize

complexes formed with either or both of these DNA DNA (35) provides a possible explanation for how
SRF may participate in these opposing events. Theelements. In this regard, many coactivator proteins

such as TIF2/SRC-1 (3,27), CBP/p300 families (48), SRF MADS box has been shown to consist of several
structures, including α-helices and β-sheets, whichand FHL2 (29,33) that have been shown to interact

with the activating function (AF-2) domain of nuclear mediate various functions of the molecule (35). Im-
portantly, one of the α-helices (αII helix) has beenreceptors in a ligand-dependent fashion, as well as

SRF (20,24,25,34), may act in such a manner. Thus, shown to contact growth factor-responsive ternary
complex factors Elk-1 and SAP-1 (44) in order toit is possible that the ligand-dependent SMGA tran-

scriptional activation in prostate epithelial cells in- interact with the SRE of the c-fos gene for transcrip-
tional activation. These factors (Elk-1 and SAP-1) arecludes a receptor-coactivator-SRF mechanism, which

may not require the direct interaction of the androgen unable to activate differentiated product genes that
are dependent upon SRF, such as the α-cardiac actinreceptor with SMGA promoter elements. Although

our work supports the hypothesis that the greatest (9) or SMGA genes (data not shown). It has been
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suggested that factors involved in controlling differ- teractions are disrupted or lost (such as in androgen-
independent prostate cancer), the ternary complexentiation-specific gene activation in conjunction with

SRF, such and Nkx 2.5 and Phox-1, require the factor regulation of gene expression programs could
predominate, resulting in altered cell cycle propertiesamino-terminal region of the MADS box of SRF (9).

While the exact interactions between differentiation such as those observed in advanced stage prostate
cancer. Therefore, the regulated expression of thefactors and SRF have not been mapped, it is possible

that they interact with the amino-terminal helix (αI), SMGA gene within prostate epithelial cells serves as
an excellent model/marker for the study of prostatewhich may then alter the structure of the MADS box,

effectively inhibiting the interaction with the ternary cancer progression.
complex factors. A change in MADS box structure
was noted in analyses of yeast SRF-related protein,
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