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Abstract

In the prostate gland cell numbers are regulated by androgens through three separate pathways: (a) inhibition of cell death
(apoptosis), (b) induction of cell proliferation (step 1), and (c) inhibition of cell proliferation (step 2, proliferative shuto�). The

precise regulation of these control pathways is still elusive. The human prostate carcinoma LNCaP cell line variants express a
subset of proliferative pathways comparable to those present in normal prostate cells (LNCaP-FGC expresses both steps,
LNCaP-LNO expresses step 2, LNCaP-TAC expresses step 1, LNCaP-TJA expresses neither). The purpose of the present work
is to identify the genes involved in the androgen-induced proliferative arrest of these cells. Using a Wang±Brown subtracted

library, a set of shuto� speci®c genes has been isolated. One of these new genes, AS3, shows high expression in the early
regulatory phase of androgen-induced proliferative shuto� in the cell variants and in the prostates of castrated rats. The putative
1391-residue polypeptide has the molecular size of about 186 kDa. It has coiled-coil structures that usually participate in

protein±protein interactions, a perfect leucine-zipper that suggests DNA binding, nuclear localization motifs, proline- and serine-
rich domains, unique C-terminal acidic-basic repeats, and ATP- and DNA-binding motifs. The transcript has 34 exons in a
200,000 bp region on chromosome 13q12-q13, downstream of the breast cancer susceptibility gene BRCA2, and centromeric to

the retinoblastoma (Rb1) locus. This area is subject to frequent allelic losses in cancers, and is believed to carry a number of
cryptic suppressor genes. The AS3 gene seems to be a novel candidate in the regulation of androgen-induced proliferative arrest
of human prostate cells. # 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Androgens regulate prostate cell numbers and cell

proliferation by three major mechanisms: (a) inhibition

of cell death (apoptosis) [1], (b) induction of cell pro-

liferation (step 1), and (c) inhibition of cell prolifer-

ation (proliferative shuto�, step 2) [2,3]. Androgens

a�ect epithelial and stromal cell types which, in turn,

interact in the prostate [4]. The complexity of the pros-

tate gland precludes a clear understanding of the role

of androgen on individual cell types in the whole ani-

mal. Thus, we chose for these experiments the human

prostate LNCaP-FGC cell line that expresses hormone

responsiveness and is used extensively for endocrine

and molecular studies [3,5,6]. Proliferation is inhibited

in these cells by sex steroid-stripped (charcoal±dextran

treated) human serum (CDHuS) [3]. Low androgen

concentrations cancel this inhibition (step 1) [3,6] and

at higher levels androgens induce an irreversible prolif-

erative shuto� (step 2) [3,6]. During the shuto� period,

these cells remain in the G0/G1 phase of the cell cycle

[6]. Prostate speci®c antigen (PSA) induction, however,
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is still dependent on androgens in these postmitotic
cells [6]. The notion that the androgen-induced shuto�
in LNCaP cells was mediated by TGF-b [7] has
recently been refuted by reports on the lack of re-
sponse to TGF-b by these cells [8].

In an attempt to reduce complexity, androgen target
cell lines that express only one of the steps of the
androgen regulated proliferative response were estab-
lished. We reported the isolation of two LNCaP var-
iants: the LNCaP-TAC variant which expresses step 1
only, and the LNCaP-TJA variant, which is resistant
to the inhibitory e�ect of both CD serum and andro-
gens [6]. LNCaP-LNO cells, established by
Horoszewicz et al. [5], proliferate maximally in the pre-
sence of CDHuS, express an androgen-induced prolif-
erative shuto�, and undergo G0/G1 arrest (step 2) at
high androgen concentrations [6]. In addition to these
human prostate cells, a new model to study the shuto�
e�ect was developed by stable transfection of a wild
type androgen-receptor construct into breast carci-
noma MCF-7 cells. These MCF7-AR1 cells are also
able to evoke a proliferative shuto� in response to
androgens [9]. The established cell lines, together with
recombinant DNA technology, made it possible to
explore hypotheses regarding the control of cell pro-
liferation, obviating confounding variables present in
intact animals.

Using a di�erential subtractive ampli®cation pro-
cedure [10], we identi®ed a set of genes induced in the
proliferative shuto� response (step 2). Since the prolif-
erative shuto� is irreversible, we chose mRNA prep-
arations from LNCaP-FGC cells exposed to 30 nM
methyltrienolone (R1881) for 24 h, the minimal ex-
posure time required for the expression of this pheno-
type [11]. Herein we report the characterization and
mapping of a novel gene, AS3. Its expression pattern
suggests, but does not prove that it maybe responsible
for the induction of the androgen-mediated prolifera-
tive shuto�.

2. Materials and methods

2.1. Cell lines and tissue culture protocols

The LNCaP-FGC cell line (established from a meta-
static lymph node of a patient with prostate adenocar-
cinoma) was generously supplied by Dr. Julius
Horoszewicz from the State University of New York
at Bu�alo [5]. This cell line and the related cell lines
mentioned in Section 1 were propagated in 5% FBS,
as described earlier [6,12].

2.2. The Wang±Brown di�erential ampli®cation

To isolate androgen-speci®c, low-abundance regulat-

ory mRNA sequences expressed during the prolifera-
tive shuto�, we selected the Wang±Brown approach
[10]. Brie¯y, short fragments of cDNAs were ampli®ed
®rst: then three cycles of subtractions and ampli®ca-
tions between the control and proliferation arrested
cDNAs resulted in sequence pools that were di�eren-
tially expressed [11]. LNCaP-FGC cells were treated
with 30 nM R1881 to generate proliferative shuto�.
R1881 (methyltrienolone) is a synthetic, nonmetabo-
lized androgen (Roussell-UCLAF, Romainville,
France). We reported earlier that exposure to andro-
gen for 24 h was required to commit LNCaP-FGC
cells to an irreversible proliferative shuto� [11]. Hence,
at this point, the genes responsible for the shuto�
must have been highly induced. LNCaP-FGC cells
reversibly arrested by CDHuS were considered as the
shuto�-negative control; they were harvested after 3
days of CDHuS treatment. Total RNA was prepared
by the acidic guanidinium-thiocyanate method [13] and
polyA+RNA was puri®ed by using the FastTrack kit
(Invitrogen, San Diego, CA). Double-stranded cDNA
pools from R1881-treated cells (R cDNA) and
CDHuS-treated cells (CD cDNA) were synthesized
using the Copy Kit (Invitrogen), with oligo-dT prim-
ing. After AluI and RsaI digestions and adaptor liga-
tions, the constructs were PCR- ampli®ed (GeneAmp
Kit, Perkin-Elmer, Foster City, CA). The ampli®ed
CD cDNA were digested with EcoRI, photobiotiny-
lated (driver cDNA) and hybridized at 20-fold molar
excess to an aliquot of nonbiotinylated R cDNA. The
hybridized nonspeci®c sequences were eliminated by
subsequent Streptavidin chromatography. After 3
cycles of selection, the ampli®ed expressed sequence
tag (EST) pool of the androgen-induced shuto� AS (R
cDNA pool minus CD cDNA pool) sequences was
digested with EcoRI, cloned into the BlueScript SK
vector (Stratagene, La Jolla, CA) and transformed into
E. coli (OneShot strain, Invitrogen).

2.3. Isolation of unique cDNAs from the di�erentially
expressed sequence pool

Recombinants were collected randomly from the
shuto�-positive AS pool of the Wang±Brown di�eren-
tial library and were plated. Using the labeled CD-
and R-subtracted (CD cDNA pool minus R cDNA
pool), PCR-ampli®ed DNA master mixes as probes,
double hybridizations revealed 11 and 14 clones that
were present exclusively in the CD and R clone sets,
respectively [11]. Multiple cross-hybridizations ident-
i®ed ten unique inserts.

2.4. DNA sequence analysis and GenBank search

To sequence the identi®ed EST fragments, PCR
sequencing reactions were performed using the dsDNA
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Fig. 1. AS3 cDNA sequence and open reading frame. Numbers on the left indicate positions in base pairs. The amino acid sequence of the open

reading frame is depicted under the coding strand. Numbers on the right indicate amino acid positions. Destabilizing signals are underlined, and

the polyadenylation signals are highlighted.
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Fig 1 (continued)
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Sequencing System (Life Technologies, Gaithersburg,
MD). The EST DNA sequences were tested for hom-
ology to known DNA sequences using the FASTA
and BLAST (National Center for Biotechnology
Information, Bethesda, MD) programs. Five inserts
were found with no match in GenBank [11]. For
further analysis, the mRNA with the highest induction
in shuto� positive LNCaP-FGC cells (AS3, >5±6-fold
of the 5.3 kb mRNA, and >3±4-fold of the 8 kb iso-
form) was selected.

2.5. Isolation of the full length AS3 cDNA sequence

Based on the 262 bp known AS3 tag sequence,
nested primer pairs were designed to amplify the full
length cDNA sequence from a cDNA library. The
cDNA libraries were generated by Human Genome
Sciences (Rockville, MD), using polyA+mRNA prep-
arations from androgen-treated or CDHuS-treated
proliferation-arrested LNCaP-FGC cells. The Lambda
ZAPII (UniZAP) phage was used as a vector carrying
EcoRI and XhoI cloning sites. The PCR reaction was
designed to amplify the cloned unknown cDNA seg-
ments between the known tag sequence and the ¯ank-
ing vector sequences. Since the orientation of the tag
sequence was not known, both ends of the insert were
ampli®ed in both directions. The vector primers were
commercially available sequencing primers: M13
Reverse and T3 primers at the EcoRI site, and M13±
20 and T7 primers at the XhoI site. For the PCR reac-
tion, the Expand High Fidelity kit was used with 1 ml
phage suspension as template (Boehringer-Mannheim).
A 40 cycle ampli®cation in a Perkin-Elmer 9600 ther-
mocycler resulted in a 1370 bp fragment at the 5' end,
and a 3250 bp fragment at the 3' end. The PCR pro-
ducts were puri®ed by using Qiagen columns, and
sequenced by automatic sequencing using the primer
walking strategy. The sequencing data showed that the
open reading frame in the 5' end fragment did not
have an authentic AUG codon. To search for the miss-
ing 5' end of the transcript, we used the Prostate

Speci®c Marathon Ready cDNA preparation from
Clontech. Ampli®cations with the Clontech anchored
primer and a set of AS3 speci®c primers resulted in a
419 bp fragment. The DNA was cloned and sequen-
cing data showed that it carried the N-terminal 118
amino acids of the open reading frame. The nucleotide
sequence reported in this paper has been submitted to
the GenBank with accession number U95825.

2.6. Protein sequence analysis, motif and pro®le search

Computer translation of the open reading frame was
performed using the Translate program of the
Wisconsin Package Version 9.0, Genetics Computer
Group (GCG), Madison, WI. b-strand and a-helix
structures were calculated by the Chou±Fasman
method using PepStructure and PepPlot programs.
Motif and pro®le predictions were calculated using
various programs of the Wisconsin Package, or by
using remote servers o�ering sequence analyses of pro-
tein functional domains through the Internet. The fol-
lowing remote servers were used: PROWEB (http://
www.proweb.org); BLOCKS (http://www.blocks.fhcr-
c.org); PRODOM (http://www.toulouse.inra.fr/pro-
dom/); PRINTS (http://www.biochem.ucl.ac.uk/cgi-
bin/attwood/) and the Protein Kinase Resource (http://
www.sdsc.edu/Kinases/).

3. Results

3.1. Characterization of the AS3 cDNA sequence

Computer analysis of the sequenced 5253 bp AS3
cDNA identi®ed a long open reading frame (Fig. 1).
The initiator methionine is at position 66, the stop
codon was found at position 4239, and the region
codes for a polypeptide of 1391 residues. The initiator
is the ®rst AUG codon downstream from the 5' end of
the sequence, and it is in strong Kozak-context [14,15].
The Northern blot size of the transcript is between 5.3

Fig. 2. The N-terminal leucine repeat structure of the AS3 polypeptide. Numbers above the AS3 sequence indicate the positions of the blocks

where uninterrupted leucine (or isoleucine, valine) heptades occur.
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and 5.5 kb [11] and since the sequence we report here
has 5253 nucleotides plus the poly-A tail, the 5' end of
our sequence is at or within a few nucleotides of the 5'
physical end, further suggesting that the initiator is
authentic. The 5' noncoding region is high in GC
nucleotides (63.3%), but it has no recognizable second-
ary structure elements or other sequence features. The
3' noncoding region has several destabilizing AT-rich
elements (underlined in Fig. 1), typical of transcripts
claimed to play a role in proliferation regulation
[16,17]. The polyadenylation signal of the transcript is
25 bp upstream of the consensus GT-rich cleavage site
(highlighted in Fig. 1).

3.2. Characterization of the putative AS3 polypeptide
sequence

The expected molecular weight of the putative poly-
peptide is 186 kDa. The N-terminal 400 amino acid
domain is characterized by a unique arrangement of
31 aliphatic residues (21 of them are leucines). Every
seventh position (with minor variations) is occupied by

a leucine or similar hydrophobic residues and in the

®ve subdomains shown in Fig. 2 the pattern is uninter-

rupted. The arrangement is typical for coiled-coil

structures where one side of the long a-helixes is

hydrophobic and usually participates in protein±pro-

tein interactions [18,19]. The leucine-zipper motif of

DNA binding proteins is a speci®c subclass of this

general pattern and in fact, the subdomain between

positions 196 and 217 in the AS3 sequence is a perfect

leucine-zipper.

The AS3 polypeptide sequence between positions

400 and 600 has elements of a conserved Mg-ATP

binding domain of various nucleotide triphosphate

binding proteins including protein kinases. In Fig. 3,

the AS3 sequence is shown in the conserved subdo-

main arrangements established by Hanks [20]. The

conserved b-strand, a-helix structures and highly con-

served critical residues are also indicated [21], together

with the corresponding sequences of various protein

kinases. Although the complete AS3 sequence did not

appear to be related to any particular protein kinase

or ATP binding proteins, partial homology within the

Fig. 3. Sequence comparisons of the putative Mg-nucleotide triphosphate binding subdomains of AS3 with corresponding subdomains of various

protein kinases. The boxes represent the Hanks' conserved subdomains, as indicated above each box. The top lines within the boxes show the

consensus b-strand, loop, and a-helical secondary structure elements. The numbers in the second lines indicate the positions of the corresponding

conformations in the AS3 sequence. The actual AS3 motifs are shown in the third line. Hanks' subdomains from protein kinases of close simi-

larity are represented in the lines below the AS3 sequence. The names of the kinases are indicated in parentheses. Identical residues are high-

lighted. In the Mg-ATP binding loop, the x and lower case letters indicate nonconserved amino acids.
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subdomains is maintained, and probably indicates that

the domain is functional. Sequence comparisons with

other domains of protein kinases did not show high

levels of conservation.

A putative nuclear localization sequence (NLS)

(KKFTQVLEDDEKIRK) resembling that of the

androgen receptor [22] and DNA polymerase-a [23]

was localized at position 547. The C-terminal region of

the putative AS3 polypeptide contains several sequence

elements that show similarities to DNA binding pro-

teins. Motifs and Pro®leScan searches in the Wisconsin

Package indicated helix-loop-helix and Homeo-box sig-

nature sequences in the area, and a remote search on

the BLOCKS server also identi®ed DNA binding

block elements in the C-terminal sequences.

A serine-rich domain at position 1139, and a pro-

line/glycine-rich domain at the 1284 position were also

found. The C-terminal domain (about 200 amino

acids) is highly charged and arranged in unique repeats

of seven alternating acidic and basic domains.

3.3. Characterization of the genomic coding region

A homology search in GenBank identi®ed the AS3

genomic region on chromosome 13q12-q13. The area

is represented in cosmid 267p19 and on P1 arti®cial

chromosomes PAC26H23 and PAC49J10. We ident-

i®ed consensus splicing donor and acceptor sites [24];

the entire exon±intron structure of the AS3 gene was

resolved comparing the cDNA sequence and the geno-

mic sequence by the BLAST program (Fig. 4). The

actual cosmid and cDNA positions are listed in Fig. 5,

and the arrangement of exons is depicted in Fig. 4.

The area covers nearly 200,000 bp; the average size of

the exons is 100±150 bp.

The AS3 genomic area is centromeric to the RB1

locus, and telomeric to BRCA2. The AS3 gene is tran-

scribed in the same direction as BRCA2, and in the

coding strand it is downstream from the breast cancer

gene [25]. On the opposite strand upstream of AS3,

three regions were assigned to cDNAs of unknown

functions. An expressed sequence (CG008) has been

assigned to this area [25], and represents a portion of

Fig. 4. The genomic, cosmid, and exon maps of AS3 cDNA. The chromosomal panel represents a 1Mb genomic region around BRCA2. Boxes

with CG numbers are genomic areas where expression of transcripts were detected. The centromer is at the left. PAC26H23 (Acc. : Z84467) over-

laps with cosmid 267p19 (Acc#: Z75889), which, in turn, overlaps with PAC49J10 (Acc#: Z84572). Numbers below the PAC and cosmid lines in-

dicate positions within the genomic clone. The scale above the exon map indicate the genomic distance (�thousand). In the exon panel, black

boxes represent the exons, while the numbers above them indicate exon numbers. In the mRNA panel, the numbers indicate nucleotide pos-

itions.
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the AS3 transcript. The N terminal 354 amino acids of
the open reading frame are missing in the CG008
sequence in GenBank. The CG008 open reading frame
terminates at amino acid 738 of the AS3 sequence.
The sequencing data reported herein and the published
genomic sequence are identical, con®rming the correct
sequence of AS3. The extra C at nucleotide position
1109 in the CG008 sequence suggests a possible
sequencing error that results in a frame shift and a
stop codon at position 1152 of the CG008 sequence.

4. Discussion

The mechanisms whereby androgens a�ect the pro-
liferation of their target cells, and speci®cally those in
the human prostate, are incompletely understood [2±
4]. We have proposed that androgens regulate prostate
cell proliferation through a two-step mechanism [3]. In
step 1, androgens would neutralize a putative serum-
borne proliferation inhibitor. In step 2, androgen-
induced gene products would directly arrest prostate
cell proliferation (proliferative shuto�). The androgen-
induced proliferative shuto� appears to be mediated
by the androgen receptor [9]. Antiandrogen inhibition
of the shuto� phenomenon is also consistent with
androgen receptor involvement [26]. Here, we report
the complete cDNA sequence, the genomic localiz-
ation, the exon±intron map, and the putative protein
structure of one of the candidate genes, AS3.

To identify cDNAs coding for inhibitors that are
induced by androgens, a subtractive strategy was used,
whereby the proliferation of LNCaP-FGC cells was
arrested using two di�erent treatments, namely, CD
serum and high androgen concentrations. This selective
approach takes advantage of the fact that the cells
were equally arrested at the G1 stage of the cell cycle
by di�erent mechanisms [6]. Regulatory mRNAs are
likely to be expressed at low copy numbers; we
adopted a protocol where repeated PCR cycles can
selectively amplify these sequences. The ®nal sub-
tracted pool, therefore, was expected to represent high
ranking regulatory elements in the androgen-induced
proliferative shuto� (step 2).

Expression analysis of the AS3 transcript demon-
strated proliferation arrest-speci®c induction patterns,
starting early (4±6 h) after androgen exposure [11]. It
peaked at 18±20 h, about 4 h before the commitment
for proliferative shuto� was detected, suggesting that
this gene is a candidate for a shuto� mediator.
Furthermore, expression of the AS3 transcript posi-
tively correlated with proliferation arrest; this gene was
expressed only in shuto�-positive cell lines and var-
iants [11]. LNCaP-FGC cells proliferated maximally in
CDHuS supplemented with 30 pM R1881; under these
conditions AS3 was not expressed. To the contrary,

Fig. 5. Genomic and cDNA positions of exons in the AS3 transcript.

Asterisks represent the exon±intron boundaries. The area between

asterisks represents the exons. Exon sequences are in upper case, the

numbers represent cDNA positions. Lower case letters are intron

sequences. Numbers of the ®rst exon indicate positions in

PAC26H23. Numbers in parenthesis refer to positions on cosmid

267p19, while numbers in brackets refer to PAC49J10 positions.
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AS3 was strongly induced at 0.3±30 nM R1881 and
the cells were inhibited from proliferating [11].
Additional arguments favoring the notion that the
AS3 gene codes for an inhibitor of the proliferation of
prostate cells, are the increase of AS3 mRNA levels
while proliferation in the rat prostate was arrested by
prolonged androgen administration [11], and a com-
parable e�ect was recorded on MCF7-AR1 cells [11].

The AS3 coding region was localized at the BRCA2-
Rb1 suppressor area on chromosome 13, immediately
downstream of the breast cancer susceptibility gene
BRCA2. Epidemiological studies have suggested a link
between breast and prostate cancers [27,28] implying
shared genetic suppressor elements in both. Studies of
breast cancer families with high loss of heterogenicity
(LOH) in the BRCA2 area showed that high prostate
cancer incidence occurred in 4 out of 5 families investi-
gated by Gudmundson et al. [29]. In the majority of
the male relatives with prostate cancer in these families
(86%), allelic losses in the BRCA2 area were also
detected [29], and some of them hit the region immedi-
ately downstream of the BRCA2 gene [29±31].

Putative suppressors in the immediate vicinity of
BRCA2 are not limited to sex hormone-related can-
cers. Recent studies on chronic lymphoid leukemia
detected a 1Mb allelic loss in this region, with no mu-
tations in the BRCA2 gene, pointing to a cryptic sup-
pressor next to this gene [32,33]. We show here that
the coding sequence of AS3 lies within this area.

Computer analysis of the AS3 open reading frame
identi®ed putative functional domains typically found
in regulatory proteins. The coiled-coil domain mediates
protein±protein interactions, such as those involved in
dimerization or oligomerization. Leucine-zippers are
found in many DNA binding proteins. Homology and
pro®le search also identi®ed various other DNA bind-
ing motifs in the AS3 sequence, strongly suggesting
that the protein may act as a DNA binding factor.

A BLASTP search performed on the GenBank data-
base resulted in a single high score similarity with the
bimD gene of the eukaryotic Aspergillus nidulans,
where 50% of the amino acid sequence was function-
ally similar in portions of the coiled±coil domain and
the putative DNA binding domain at the C-terminus.
The bimD protein has a basic leucine-zipper and a C-
terminal charged (acidic) domain, similar to AS3, and
appears to function as a DNA binding protein [34].
Both the AS3 and the bimD proteins also have nuclear
localization consensus sequences. Signi®cantly, overex-
pression of bimD in A. nidulans results in cell cycle
arrest in G1/S phase [34]. The peak expression of AS3
also coincides with the arrest of the cell cycle in G1
phase in the androgen-induced proliferative shuto�
[11].

A unique feature of the AS3 polypeptide is the pre-
sence of a relatively well conserved Mg-nucleotide tri-

phosphate binding pocket, as well as elements of the
catalytic domain of protein kinases. Functional analy-
sis of this domain is in progress using GST-fusion con-
structs. The fusion construct can form a complex and
phosphorylate two substrate proteins in LNCaP-FGC
extracts (data not shown). It is not yet clear whether
this e�ect is catalyzed directly by the AS3 fusion pro-
tein, or the AS3 fusion protein is involved indirectly,
through binding a protein kinase and its substrates
(docking function).

In summary, this work represents an analysis of
AS3, an androgen-induced, proliferative shuto� candi-
date gene. AS3 has been mapped to a genomic region
with frequent allelic losses in various cancers.
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