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1.1 STERQOID HORMONE RECEPTORS

1.1.1 Introduection

Steroid hormones (androgens, estregens, glucocorticoids, mineralocorticoids and
progestins} are small hydrophobic, cholesterol derived molecules which exert profound
effects In cellular development, .differentiation and homeostasis. The physiological
effect of steroid hormones is mediated by soluble intra-cellular receptor proteins that
function as ligand-dependent transcription factors (Evans, 1888; Green & Chambon,
1288). Steroid hormone receptors are organized in and characterized by three relatively
discrete functional domains {Fig. 1). These domains are a ligand-binding domain (LBD)
in the C-terminal part of the protein, a DNA-binding domain (DBD) and an N-terminal
domain which plays a role in transcription activation (Evans, 1988; Green & Chambon,
1988; Carson-Jurica et al., 1990; see also & 1.1.3}. Steroid hormone receptors play
key roles in the signal transduction pathways of their respective ligands. The receptor
structure is changed upon ligand binding in 2 way which enables it to interact with
high-affinity chromatin binding sites, termed hormone responsive elements (HREs),
located in the transcriptional control regions of target genes. The activated DNA-bound
receptor subsequently can modulate the transcription from this target gene (Beato,
1888, 19281; Wahli & Martinez, 1991; Gronemeyer, 1892).

DNA LIGAND

N-TERMINAL

FIGURE 1: Schematical representation of a steroid hormone receptor. Indicated are the three main domains:
the N-terminal domain {broken linel, the DBD (black box} and the LED {hatched box).

Steroid hormone receptors form a subfamily of a larger superfamily of structurally
related proteins, known as the nuclear receptor family. The members of this family
contain 2 well conserved DBD, a moderateraly conserved LBD and show no conservati-
on. in the N-terminal domain. The homologies in the corresponding domains of the
steroid hormone receptors (57-80% in the DBD, 20-55% in the LBD, <15% in the N-
terminal domain which is also the ieast conserved in size} are schematicaily depicted in
Fig. 2. The reported number of members of the family presently exceeds thirty and
includes the receptors for the thyroid hormones, the hormonal forms of vitamin A
{retinoids) and vitamin D, the Drosophila stercid ecdysone as well as & variety of
receptor-like proteins for which no ligand has been identified as yet, and which are



coliectively referred to as "orphan receptors” (Evans, 1988; Green & Chambon, 1988;
Carson-Jurica et al., 1990; Fuller, 1991; Koeile et al., 1891; for a recent review on
"orphan receptors” see QO'Malley & Conneely, 1892).

N-TERMINAL DNA LIGAND

hAR

1 548 812 662 910
a5 ist 55 1 hPR

1 585 829 B85 933
15 77 50 hGR

1 419 483 530 777
15 77 51 \ hMR

+ 6Q1 BHS TI8 S84
45 57 20 1 hER

1 163 247 313 553 555

FIGURE 2: Structural homology in the N-terminal domain (open box), DED (black box) and LED (hatched box)
of the human androgen receptor, progestercne receptor, glucocorticoid receptor, mineralocorticoid
receptor and estrogen receptor (Trapman et al., 1988; Faber et al, 1989 IChaptor 1i]; Misrahi ot
al., 1987; Hellenberg et al., 1985; Arriza et al., 1987; Green ot al.,, 1986)

Members of the nuclear receptor family originate from a single precursor protein as
shown through the generation of phylogenetic trees for the two conserved domains,
the DBD and the LBD ({Laudet et al, 1992: Amero et al., 1992). Based on the
phylogenetic tree for the DBD three subfamilies were defined that could have arisen
from simple gene duplications of the common ancestor as schematically presented in
Fig. 3. Subfamily | contains the receptors for the thyroid hormones (THRa and THRS)
and retinoic acid (RAha, RARS and RARy). The chromosomal localization of THRe and
RARy (17g21) and THRA and RARS {3p24) present an example of gene and
chromosome duplications. RARy, which is located at 1213 must be the result from a
prior duplication event. Subfamily Il containg the majority of the orphan receptors and
represents the least characterized subfamily, whereas the stercid hormone receptors,
the vitamin D3 receptor {VDR) and the Drosophila ecdysone receptor (EcR) are found in
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subfamily 1. The phylogenetic tree of the LBD generally confirmed these subdivisions,
but zlso provides evidence that in addition to gene duplications, other events
(recombination, translocation and exon shuffliing) have taken place. As an example the
subfamily Ill members VDR and EcR are shown which have DBDs from subfamily Il but
contain LBDs from subfamily 1.

ANCESTOR NUCLEAR RECEPTOR GENE

—n
— |

SUBFAMILY | SUBFAMILY Il SUBFAMILY il

THYROID & RETINOIC ORPHAN RECEPTORS STERQID RECEPTORS
ACIDS RECEPTORS

RARG
THRA THRB chimeric
RARA RARSB VDR & EcR
17g21 3p24

FIGURE 3; An evolutionary scenaria for nuclear receptor genes, indicating tho three nuclear receptor
subfamilies. Subfamily | contains the THR and RAR, subfamily Il contains the majority of the
"orphan receptors”, whereas the stercid hormone receptors are found in subfamily IIl. Adapted

with permission from Laudet et al., 1992; EMBO J, 11, 1003-1013.

1.1.2 Genomic organization_of steroid hormone receptor genes

The organization of steroid receptor genes has been elucidated for the human AR
(hAR) and mouse AR (mAR) genes (Kuiper et al., 1989; Faber et al., 1921b [Chapters |l
and V1), the hER gene (Ponglikitmongkol et al., 1988), the.hGR and mGR genes (Encio
& Detera-Wadleigh, 1991; Stréhle et al., 1882) and the chicken PR {cPR) gene
{Huckaby et al., 1387; Jeltsch et al., 1990). In accordance with the observation that
the receptors have a common ancestor and show relatively high conservation in their

primary amino acid sequence, the organization is strikingly similar with respect to the
exaons containing protein coding information (Fig. 4}. The N-terminal domain is encoded
in exon 1, the DBD is encoded in the exons 2 and 3 and the information for the LBD is
divided over the exons 4 to 8 with the positions of the individual splice sites being
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conserved between the various receptors.

DNA LIGAND
N-TERMINAL

T T g e e e e
1 2 3 4 5 8 7 8

FIGURE 4: Schematical representation of the structural organization of steroid hormone receptor genes.
Indicated is the distribution of the information for the three domains, N-torminal (broken line), DBD
{black bex) and LBD (hatched box) over the oight coding exons of the genes. For refs of the

individual receptor genes, see toxt.

Human steroid hormone receptors are encoded by large genes which are localized on
different chromosomes (summarized in Table 1). In contrast to the similarity in the
organization of the protein coding region, there is a marked heterocgeneity in the
organization of the genes with regard to the number of {identified) promoters and
upstream untranslated exons (Fig. 5). The simplest organization is observed in case of
the hAR, mAR and rAR genes which lack 5’-untranslated exons and have a single
promoter region {Tilley et al., 1890; Faber et al., 19913, 1991b [Chapters IV and VI;
Baarends et al., 1890). One promoter region, upstream from exon 1, has been descri-
bed for the hER gene (Green et al., 1986). However, cDNA clones, containing the 3'-
part of an untranslated exon {exon 0) which splices to a2 position just upstream from
the ATG translation initiation codon in exon 1 have also been characterized (Keaveney
et al., 1881). In the mER gene this exon QO has been characterized and a functional
promoter was identified (White et al.,, 1987). No promoter upstream from exon 1,
similar to the one found by Green et al. for the hER gene, has been described for the
mER gene. One untranslated exon {0 and one promoter region have been described
for the hGR gene (Zong et al., 1990; Encio & Detera-Wadleigh, 1881). However, for
the corresponding mMGR gene three untranslated exons (0*®€), all of which splice to 2
position 13 bp upstream from the ATG translation initiation codon in exon 1, and three
corresponding promoter regions were identified (Strahle et al., 1992). The hPR gene
lacks 5‘-untranslated exons but two functional promoter regions were identified as
indicated in Fig. 5. The use of the upstream promoter generates a mRNA which
encodes the full-length 833 amino acid hPR, whereas the use of the downstream
promoter results in an mRNA which cannot encode this 933 amino acid hPR. Instead,
translation starts at an in-frame ATG (ATG,) resulting in a functional hPR lacking 165
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amino acids at the N-terminal end (Kastner et al., 1980). The same promoter regions
are probably functional in the ¢PR gene, which zalso generates two different functional
PRs {Jeltsch et al., 18%0). In contrast, in the rabbit PR gene only one promoter region
is active which is in accordance with a single rabbit PR (Misrahi et al., 1988). So far,

no infoermation regarding the genomic crganization and promoter regions of the MR
gene has been presented.

TABLE 1

OVERVIEW OF THE CHROMOSOMAL
LOCALIZATION AND LENGTH OF HUMAN

STEROID HORMONE RECEPTOR GENES

CHROMOSOME LENGTH
hAR X > 80 kb
hER 6 > 140 kb
hGR 5 > 80 kb
hMR 4 nd
hPR 11 nd

AR
ER
GR
PR

FIGURE 5: Overview of the 5’ organization of steroid hormone receptor genes. Indicated are the {identified)
upstream untranslated exons and promoters in the androgen receptor-, estragen receptor-,
glucocorticeid recaptor-, and progesterone receptor genes {for refs, see text). Open boxes
represent 5°-untranslated regions; black boxes represent open reading framaes.
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In summary, the use of alternative promoters and upstrearn exons in steroid
hormone receptor genes can result in the generation of distinct mRNAs which encode
functional full-length receptors, except in case of the hPR and ¢cPR, where the use of an
alternative promoter results in the synthesis of an N-terminally truncated receptor. The
use of multiple promoters in a single gene provides transcriptional flexihility and is
usually associated with tissue- and/or differentiation stage specific gens expression
{Schibler & Sierra, 1887). This is in agreement with the differential expression patterns
of the individual receptors. As studies regarding the molecular mechanisms of receptor
mRNA expression have been scarce so far it is to be expected that the scheme
depicted in Fig. 5 will not represent the full promoter potential of steroid hormone
receptor genes.

1.1.3 Functional domains of stergid hormone receptors

Steroid hormone receptors are characterized by a unique modll_zlar structure which
consists of three main functional domains and includes several functional subregions
(Fig. 6). Structural comparisons between steroid hormone receptors {as presented in
Fig. 2) followed by structure/function analysis of the hER and hGR provided the basis
for the classical receptor domain structure: the moderately conserved C-terminal
domain contains the ligand-binding function, the highly conserved cysteine-rich central
domain mediates DNA-binding, whereas the non-conserved N-terminal domain is
important to invoke the maximal transcriptional response from hormone-inducible
oromoters (Kumar et al., 1886, 1987; Giguére et al., 1988; reviewed in Evans, 1988;
Green & Chambon, 1988; Carson-Jurica et al., 1980).

Tau-1 DMNA HORMONE BINDING
binding

FUNCTIONS
DIMERIZATION

[
NLS Tau-2
{ligand~dependent) J

FIGURE 5: Schematic illustration of the structurs/function organization of steroid hormone receptors. The N-
terminal domain is shown as a broken line, the DBD and LBD as black and hatched boxes,
respectively. Domain functions are depicted under the receptor scheme. tau, transactivation unit;
NLS, nuclear localization signal.
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Steroid hormone receptors interact as dimers with their cognate response elements, as
determined for the hER and hPR (Kumar & Chambon, 1988; Tsai et al., 1988;
Guiochon-Mantel et al., 1289) and subregions involved in protein-protein interactions
leading to receptor dimerization have been identified in the DBD (Umesono & Evans,
1989} and in the LBD (Kumar & Chambon, 1988; Guiochon-Mantel et al., 1889; Fawell
et al., 1890). A transactivation domain (tau-1) has been identified as part of the N-
terminal domain for the hER, hGR, and hPR (Tora et al., 1989; Hollenberg et al., 1888;
Mevyer et al., 1990} (note that a tau domain is defined as a region which can function
as a transcription activation domain when attached to a heterclagous DBD). However,
receptors deleted for their N-terminal domains were still able to activate transcription in
a ligand-dependent way albeit at reduced revels compared to the full-length receptor.
This observation led to the identification of a hormone-inducible transactivation function
(tau-2} in the LBD (Webster et al., 1988; Meyer et al., 1980). Steroid hormone
receptors require a nuclear localization signal (NLS) for nuclear import as their size
exceeds the apparent exclusion limit for free diffusion through nuclear pores (60 kD,
Peters, 1988). The subregion of steroid hormone receptors, involved in the
translocation of the receptor to the nucleus, is located between the DBD and LBD as
determined for the hGR, hPR, hAR and hER (Picard et al., 1987; Guiochon-Mantel et
al., 1289; Simental et al., 1991; Jenster et al., 1891: Ylikomi et al., 1892}. A
conserved basic lysine/arginine rich subregion is present in all receptors. This region
resembles the bipartite NLS, which consists of two stretches of basic aming acids with
a 10 amino acid spacer, originally identified in the nucleoplasmin protein (Robbins et al.,
1891; Dingwall & Laskey, 1891}.

1.1.2.1 The DNA-binding domain
The distinguishing feature of steroid hormone receptors is the highly conserved

DBD which mediates the sequence specific interaction of the recep- tor with the DNA
(reviewed in Schwabe & Roades, 1921; Freedman, 1992). This domain contains
several invariant residues (31 of 66 for the human receptors, see Fig. 7), which include
eight cysteine residues (indicated with an asterisk in Fig. 7). Originally, the DBED of
steroid hormone receptors was proposed to fold into two Zn**-coordinated "fingers”,
similar to those proposed for the Xenopus faevis transcription factor TFillA (Miller et al.,
1985). In TFllA each Zn?*-ion is coordinated by two cysteine and two histidine
residues and defines a single structural unit which can interact with the DNA. However,
through recent mutation/ deletion analysis and NMR/crystaliographic analysis of the GR
and ER DBD it was shown that the steroid hormone receptor DBD is folded differently
(reviewed in Schwabe & Roades, 1981; Freedman, 1992).

Mutation analysis of the GR and ER DBD focussed on the finding that the
consensus response elements for these receptors are related but different. Both
receptors bind to a short fifteen bp palindromic sequence with a six bp halfsite and a
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GR KLCLVCSDEASGCHYGVLTCGSCKVFFKRAVEGQHNYLCAGRNDCIIDKIRRKNCPACRYRKCLQA
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FIGURE 7: Qverview of the DBD of the steroid hormone receptors. Indicated are the conserved cystoine
rosidues (asterisk), the three aminc acids that allow the receptor to discriminate betweon a GRE
and an ERE (arrows), the D-box which is involved in protein-protein interactions (overlined) and
the aming acids that form the the two o-helices {doubly underined}. Fer refs, of individual
raceptors, see FIGURE 2.

spacing of three nucleotides, but differ at two positions per halfsite (Fig. 8; see Beato,
1991). In an effort to determine the amino acids responsible for this difference,
receptors were constructed containing chimeric DBDs, with both ER and GR sequences.
This approach initially led to the observation that the N-terminal "finger" contains the
amino acids involved in sequence specific interaction of the receptor with the DNA
(Green et al., 1988}. Subsequently, three amino acids were identified in this region of
the GR and ER DBD that are essential to the ability of the receptor to interact with its
cognate response element ([GSxxV vs EGxxA], indicated with arrows in Fig. 7:
Umesono & Evans., 198%; Mader et al., 1988). The elucidation of the three-
dimensional structure of the GR and ER DBD by NMR spectroscopy and the
crystaliographic analysis of a GR DBD-DNA complex showed the steroid hormone
receptor DBD to be folded into & novel Zn?* -coordinated structure (Hird et al., 1980;
Schwabe et al., 1290; Luisi et al., 1991). The DBD consists of two a-helices, perpen-
dicular to each other (double underlined in Fig. 7). Each helix is anchored and oriented
by a Zn**-ion at its N-terminus. The amino acids involved in receptor specific
recognition of the HRE are located in helix 1. This recognition ¢-helix contacts the
major groove in the DNA and facilitates binding of the receptor to one halfsite of the
HRE. A second receptor then binds cooperatively to the remaining halfsite. Although
the second "finger” is not involved in specific DNA recognition, it contains & sequence,
referred to as the D-box {overlined in Fig. 7) which facilitates cooperate binding of the
DBD of two receptors to the DNA by protein-protein interactions leading to receptor
dimerization (Umesono et al., 1988; Luisi et al., 1981).

GRE AGAACA non TGTTCT

ERE AGGTCA nnn TGACCT

FIGURE 8: Comparison of a glucocarticoid and estrogen respense element. Shown are the two € bp halfsites
and the 3 bp spacer. The twe nucleotide difference between the elements is indicated (enlarged).
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1.7.2.2 The ligand-binding domain

The second, relatively conserved domain is the LBD which is located in the C-
terminal part of the receptor. This region has a length of approximately 250 amino
acids and binds the ligand by the forming of a hydrophobic pocket. The integrity of the
complete domain is important for steroid binding, as most deletions or point mutations
in this region abolish ligand binding {Kumar et al., 1886; Giguére et al., 1986; Grone-
meyer et al., 1887; Jenster et al., 1991). Deletion of the complete LBD leads to a
truncated receptor which is constitutively transcriptionally active, suggesting that one
of the functions of the LBD is to repress the activity of transactivating domains in other
parts of the protein (Carson et al., 1987; Hollenberg et al., 1988; Picard et al., 1988;
Tora et al., 1989; Jenster et al., 1991). The LBD contains a ligand-inducible transacti-
vation function {tau-2) as demonstrated with chimeric activators, consisting of the
GAL4 DBD and the either the hER, hGR or hPR LBD (Wehster et al., 1888; Meyer et al.,
1980). To investigate whether tau-2 is encoded in one of the five exons that encode
the LBD (see Fig. 4), fusion proteins consisting of the GAL4 DBD and the individual hER
exons were expressed. However, none of the fusion proteins could function as an
activator (Webster et al., 1988). More likely, tau-2 corresponds to a protein surface
created upon ligand-hinding from several dispersed elements in the LBD. Mutational
analysis of the mER LBD has identified a subregion near the C-terminal end, involved in
receptor dimerization (Fawell et al., 1930), but the general importance of this region in
steroid hormone receptor dimerization remains to be confirmed for other receptors.

1.1.3.3 The N-terminal domain

The third major structural region is the N-terminal domain, which is the least
conserved, both in size and in sequence (see Fig. 2). Originally referred to as the
immuno-reactive domain, as most antibodies generated against receptors recognized
epitopes in this domain, a tau-region (tau-1) has now been identified in the N-terminal
domains of the hGR, hER and hPR (Hollenberg et ai., 1988; Tora et al., 1888; Mevyer et
al., 1980). Deletion analysis of the N-terminal domains has established that the tau-1
regions are located at different positions and structurally differ (Fig. 8) (Hollenberg et
al., 1988; Tora et al., 1289; Mevyer et al., 1892). The N-terminal domain of the hGR
contains an acidic tau-1 region although subsequent experiments indicated that
additional non-acidic transactivation functions might exist outside this defined tau-1
region. The tau-1 region of the hPR is located just upstream from the DBD in 2 proline-
rich amino acid region. A region, located between amino acid 1 and 185, which
corresponds to the difference of the two functional hPR isoforms, cannot function
independently from the remainder of the N-terminal domain but has a modulatory
function as the absence of this region results in a partial loss of the transactivation
potential of tau-1. No subregions have been defined in the short N-terminal domain of
the hER bhut as this region lacks acidic stretches and proline-clusters it must be
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structurally different from the hGR and hPR tau-1 region.

DNA
N-TERMINAL 410
1
hGR - o = = -
77 282
tau-1i
(acidic)

565
Met, Met2

hPR L
450 548

________________ _
modulatory

tau-1
(proline=rich)

183

hER e e o

—_—
tau-1

{non-acidic,
non proline-rich)

FiGURE 9: Overview of the identified tau-regions in the N-torminal dornains of the human glucocerticeid
receptor, progestsrone receptor and estrogen receptor. Indicated are the positions and structural
features of the the tau-regions.

1.1.4.1 |solation and characterization_of cDNA ¢lones encoding the androgen

receptor

The androgen receptor (AR) is the steroid hormone receptor which mediates the
intra-cellular response to androgens, the male sex steroids. The principal androgen,
testosterone (T), is produced by the testis. In some tissues T is reduced to its more
potent metabolite 5Sa-dihydrotestosterone (DHT). Androgen action affects a wide
variety of tissues but exerts its most pronounced effect on the development and
maintenance of the male phenotype (reviewed in Mooradian et al., 1987).

Because no anti-AR antibodies or structural data on the AR protein were available,
cDNA clones encaoding the AR could not be obtained by conventional isolation techni-
ques. To circumvent this problem it was assumed that the putative AR DED would be
structurally related to the DBDs of the hGR, hER and hPR, the sequences of which
were available and highly similar (see Figs 2, 7 and 10). Oligonucleotides, correspan-
ding to the most conserved region of these DBDs were synthesized and used to screen
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cys cys '
hER .G.TAC....C.GTG..... T.A..ATGCTTC.G.CTA.CA.T.T. .AGTCTG.
hGR T.A..Tevevemevcnn- B P ATG..... AC.G..C
hPR ..T..C..... [T Teeeennonaan T.uG--G. .BATG.-. ... Cc.G..C

hAR CTCACATGTGGAAGCTGCAAGGTCTTCTTCAARAGAGCCGCTGAAGGGAAACLG

Trapman o JY o N N A o A.AATG..... AC., 74%
(46~mer}
Chang =0 ciciiesesreres . b A TG..... 88%
{41-mer)
Lubahn R o JEE W B | B7%
(32-mer)

FIGURE 10: Overview of the cligonucleotides, used to isolate human and rat androgen receptor cDNA clones
{Trapman et al., 1988; Chang et al.,, 1888a; Lubahm et al., 1988a). The oligonucleotides aro
coempared with the sequences of the human estrogen recoptor, glucocorticoid receptor and

pregesterone receptor and the actual sequence ef the human androgen receptor,

cDNA libraries. The various oligonucleotides are depicted in Fig. 10 and compared 1o
the actual AR nucleotide sequence (note that this conserved region is the recognition o-
helix in the DBD [overlined sequencel). This approach was successfully and indepen-
dently applied to isolate partial hAR and rat AR (rAR) cDNA clones {Chang et al.,
1988a; Lubahn et al., 1988a; Trapman et al., 1988). Next, the complete hAR and rAR
cDNA sequences were reported (Chang et 2l., 1988b; Lubahn et al., 1888b; Tan et al.,
1888; Faber et al., 1889 [Chapter IIl; Tilley et al., 1288). Using the reported hAR and
rAR cDNA sequences, the mouse AR (mAR} cDNA was isclated by a combination of
conventicnal screening techniques and polymerase c¢hain reaction {(PCR) methods (He et
al., 1880; Gaspar et al., 1980; Faber et al., 1991b [Chapter V]; Charest et al., 1981).
The primary amino acid sequence of the hAR as deduced from the nucleotide
sequence of the isolated cDNA clones containg the three structural domains, characte-
ristic of the nuclear receptors (see Fig. 2) with high homology between the AR, GR and
PR (80% in the DBD, 50 % in the LBD} and moderate homology between the AR and
ER (57% in the DBD, 20% in the LBD). A homology comparison of the hAR, mAR and
rAR shows high conservation (1009%) in the DBD and LBD and over 75% conservation
in the large N-terminal domain {Fig. 11, taken from Chapter V). The N-terminal domain
of the AR is remarkable as it contains a variety of homopolymeric stretches, including
very long Q- and G-stretches. The position and the presence of these stretches,
however, is species dependent as the Q-stretch in the rAR is located at a more C-
terminal position than the hAR Q-stretch. The mAR Q-stretch, which is at the rAR
position, is intermingled with three histidine residues. A long G-stretch is absent in the
rAR and mAR, as they harbor at the identical position of the hAR G-stretch, only five
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FIGURE 11; Schematic comparison cf the mouse, human and rat androgen receptor. Indicated are the
sequence similarities in the N-terminal domain, the DBD and the LED. Also indicated are the
position and composition of the Q- and G-stretches in the N-terminal demain. GIn* indicates the
intermingling of the seventeens Q-residues with three histidine residues in the mAR Q-strotch.

glycine residues. This situation is reminiscent of a Q-stretch in the GR, which has a
length of 1§ amine acids in the rGR, 8 amino zcids in the mGR and is absent from the
hGR {Miesfeld et al., 1986; Danielsen et al., 1886; Hollenberg et al., 1985). The
differences in the length of these stretches account for most of the variation in length
between the hAR, mAR and rAR proteins which is 210, 899 and 902 amino acids,
respectively. In addition there is an intra-species specific variation in receptor length
which is most pronounced for the hAR for which protein lengths of 810, 918, 919, and
817 amino acids have been reported (Faber et al., 1888 [Chapter il]; Chang et al.,
1988b; Lubahn et al., 1888b; Tilley et al., 1888). This difference is due to a natural
variation in the length of the Q- and G-stretches (Sleddens et al., 1992; Edwards et al.,
1992; Sleddens, 1993). The variation in the reported length is less in case of the rAR
where 902 and 901 amino acids have been reported, resulting from the absence of one
glutamine residue in the Q-stretch (Chang et al., 1$88b; Tan et al., 1888). For the mAR
only one size (898 amino acids) has been observed (He et al., 1990; Caspar et al.,
1980; Faber et al., 1991b [Chapter V]; Charest et al., 1981).

1.1.4.2 Functional analysis of recombinant AR

The properties of the recombinant hAR were investigated using transient
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transfections of cultured mammalian cells with eukaryotic hAR expression vectors. This
approach showed that the recombinant hAR was undistinguishable from the native AR
with respect to ligand-binding and electrophaoretic mobility on SDS-PAGE gels {Trapman
et al., 1988; Brinkmann et al., 1888; Tilley et al., 18898; Quarmby et al., 1880). The
ability of the hAR to function as a transcription factor was investigated in co-transfecti-
on experiments of the AR expression plasmid with reporter plasmids containing the
androgen-responsive MMTV-LTR as well as a synthetic promoter (Schille et al., 1988)
which contains two copies of a consensus GRE upstream from the TK promoter linked
to the chloramphenicol acetyl transferase (CAT) reporter gene. These experiments
showed that recombinant hAR could function as a ligand-dependent transcription factor
on these promoters (Brinkmann et al., 1989; Quarmby et al., 1280; Rundlett et al.,
1990). The use of eukaryotic rAR and mAR expression vectors indicated little differen-
ce between the hAR, rAR and mAR in these kinds of experiments (Yarbrough et al.,
1990; Faber et al., 1981b [Chapter VI; He et al., 1981). In addition to the functional
activity in mammalian cells, the hAR has also been shown to function as a transcription
factor in yeast cells in a ligand-dependent manner (Purvis et al., 1991) which is
consistent with the functional activity of other members of the nuclear receptor family
in yeast (see Srinivan, 1992 for refs).

Subsequent structure/function analysis confirmed the domain structure of the hAR
which originally was based only on homology comparisons to other receptors. The C-
terminal domain has the ligand-binding capacity, the cysteine-rich "zing¢-finger™ domain
mediates DNA binding and regions important for transactivation are located in the N-
terminal domain and the LBD, although it remains to be established if these regions are
bona-fide tau-domains and can function when linked to a heterologous DBD (Rundlett et
al., 1880; Jenster et &l., 1891; Simental et al., 1881). Aithough eukaryotic expression
systems are useful, they do not provide sufficient amounts of protein for in vitro
experiments. Therefore bacterial and insect expression systems are now being used to
express full-length and partial AR sequences for additional studies regarding AR
struction/function (Young et al., 1290; Chang et al., 1992; Xie et ai., 1892; Roehrborn
et al., 1992).

1.1.4.3 Androgen-reqgulated aene expression
The three amino acids in the first "zinc finger” of the steroid receptor DBD that
are essential for the recognition of the cognate response element are similar for the AR,

GR, PR and MR (see Fig. 7), indicating that these receptors could activate transcription
through similar response elements. This had prior to the analysis of the receptor DBD
already been inferred from the findings that endogenous AR In the human mammary
turmor cell line T47D had the ability to activate transcription on the Mouse Mammary
Tumor Virus (MMTV) Long Terminal Repeat {LTR} through elements defined as GREs
and PREs. This was established by mutation analysis of the GREs as well as the use of

21



a synthetic promgoter, consisting of two GREs, linked to the TK promoter (Darbre et al.,
1886; Cato et al., 1887; Ham et al., 1988; Gowland et al.,, 1989) (note that the
MMTV-LTR and the synthetic promoter were later used to establish that recombinant
AR could function as a ligand-dependent transcription factor in §1.1.4.2).

So far only a small number of cellular genes have been characterized which are
reguiated by androgens. Among the best characterized examples are the rat Prostatic
Binding Protein (PBP) gene and the human Prostate Specific Antigen (PSA) gene, where
nuclear run-on experiments have demonstrated a direct effect of androgens on the
transcription rates of these genes (Page & Parker, 1982: Riegman et al., 1981; Wolf et
al., 1982). Analysis of the transcriptional control regions identified AREs which are
similar to the GRE {Fig. 12). Additional examples of androgen-regulated genes are the
murtne B-Glucuronidase (GUS) gene {Lund et al., 1990; reviewed in Paigen, 1889), the
murine Sex-limited protein (Slp) gene (Adler et al., 1981, 1892) and the human blood
clotting Factor IX gene (Crossley et al., 1992). Sequences, similar to the GRE were
identified in all these genes (summarized in Fig. 12}, Evidence that these sequences
constitute the ARE for the GUS and Slp genes comes from the finding that in 2 mouse
strain deleted for the ARE, GUS mRNA ievels are not influenced by androgens and that
the Slp ARE can mediate transcriptional regulation by the AR in transient transfection
experiments. In accordance with the ability of the AR to activate transcription through
GREs it has been shown that the PBP, SIp and PSA ARE can mediate activation by the
GR (Claessens et al., 1988; Adler et al., 1982; Cleutjens, unpublished}.

*"consensus GRE"™ AGAACA nnn TGTTCT

PEP ARE AGTACG tga TGTTCT
PSA ARE AGCACT gca TGTTCT
Slp ARE AGAACA gcc TGTTITC

Factor IX ARE AGCTCA gct TGTATC
GUS ARE AGTACT tgt TGTTCT

"consensus ARE"  GGAACA nnn TGTTCT
T

FIGURE 12: The ARE is similar to a GRE. Overview of identified ARE sequences in comparisoh with the
consensus GRE and ARE (see text for refs).

To determine if the limited number of AREs identified so far are a true representati-
on of the actual ARE, a DNA-binding site selection assay was performed (Roche et al.,
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1892). From the results a consensus ARE (GGA/TACAnNnnTGTTCT) was compiled,
which again is similar to the consensus GRE (AGAACANnnTGTTCT) (Fig. 12). The
observation that the ARE and GRE, and in fact also the PRE and MRE are similar in
nucleotide sequence, combined with the differential gene networks that are activated
by the various receptors, suggests that additional levels of regulation, such as tissue-
specific receptor expression, protein-protein interactions and promoter context determi-
ne the precise pattern of steroid induced gene expression.

1.7.4.4 Androgen receptor structural defects

The gene encoding the AR is located on the X-chromosome. Thus the effect of
mutations in the AR will become manifest in 46,XY male individuals. The elucidation of
the genomic organization hAR gene (Kuiper et al., 1988 [Chapter ]} provided the
opportunity to detect structural defects in the AR through ampiification of separate
exons in PCR fragments. Strong evidence linking structural defects in the AR to the
observed phenotype sco far have been presented for the X-linked androgen insensitivity
syndrome (AIS) and Kennedy’s disease (Fig. 13).

correlation
with disease

AlS
Kennedy's disease {mainly point mutations
{expanded Q-stretch) in DBD and LBD) +

L

Q-stretch
R \" T
4 ¥ + 2
E ¥ A
male prostate LNCaP
breast cancer _J
cancer

FIGURE 13: Overview of mutations in the hAR. Shown is a schematical representation of the 210 amino acid
hAR with the N-terminal domain (open box), DED (black box) and the LBD {hatched box], Dver
the hAR are indicated the mutations which correlate with disease. The mutations under the hAR
might correlate with disease, but this remains to be established.

AlS results in abnormal male development and differentiation (Griffin & Wilson,
1887; Pinsky & Kaufman, 1987) and can vary from a complete female phenotype in a
46, XY individual (complete AIS) to partial disorders of male sexua! differentiation
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(partial AlS). Analysis of the hAR primary structure from mainly complete AIS patients
by our group {Ris-Stalpers et al., 1990, 1291) as well as by others has identified a
plethora of mutations in the hAR gene (reviewed in McPhaul et al., 1981; Brinkmann &
Trapman, 1892; Pinsky et al., 1992). Although in some cases chromosomal deletions in
the hAR gene have been identified, the majority of defects consists of point mutations
in the AR LBD and DBD. Functional analysis of the mutations showed that in all cases
correct AR function was impaired. In addition, both an AIS rat and mouse strain have
been shown to contain inactivating mutations in their respective AR genes (Yarbrough
et al., 1990; Gaspar et al., 1991; He et al., 1981).

In Kennedy’s disease, & motor neuron disease resulting in bulbar and spinal
muscular atrophy, abnormalities in the length of the CAG-repeat, encoding the G-
stretch in the AR N-terminal domain, correlate with the presence of the disease.
Whereas the normal repeat number is between 18 and 30, affected patients showed
numbers between 40 and 52 in every case that was examined {La Spada et al., 1981)}.

An additional mutation in the hAR has been identified in the human prostate tumor
cell line LNCaP, where a point mutation is present in exon eight that results in a
threonine to alanine change (Fig. 13, Veldscholte et al., 1990a). Functional analysis of
this mutation shows that it accounts for the previously observed altered binding
specificity for steroids of the LNCaP AR which has an increased preference for
oestradiol and progestins compared to the native AR (Veldscholte et al., 1980b}. In
addition, in the LNCaP cell line, androgen regulated gene expression can now also be
stimulated at low anti-androgen concentrations. However, it remains unclear if the
mutation was present in the original tumor material from which the LNCaP originated.
In addition to the mutation in LNCaP cells, recently a mutation in a primary prostate
tumor has been described (Fig. 13, Newmark et al., 1892). Twenty six independent
samples were examined and one point mutation in exon four was found, resulting in a
valine to methionine change. This mutation, however, remains to be functionally
characterized.

In addition to the systematic studies of patient material described above, a case
report describing a gerrn-line point mutation in exon 3 of the AR in two brothers with
partial AIS has been described (Fig. 13, Wooster et al., 1892). This mutation results in
an arginine to glutamic acid change. Interestingly, both brothers also appeared with a
breast tumor, suggesting a correlation between male breast cance and AR mutations.
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1.2: TRANSCRIPTION INITIATION BY RNA PCLYMERASE I

1.2.1 Introduction

Transcription initiation by RNA polymerase Il is a major control peoint in the
regulation of gene expression. The purified RNA polymerase |l enzyme has no intrinsic
affinity for {promoter} DNA and transcribes double-stranded DNA poorly, initiating only
at single-stranded regions [see Sawadogo & Sentenac (1280) for a review]. The
development of cellfree transcription systems, allowing the analysis of fractionated
cellular extracts, led to the identification of two major classes of transcription factors
that function in concert with RNA polymerase |l t0 regulate proper initiation (schemati-
cally presented in Fig. 14} (Matsui et al., 1880; Davidson et al., 1983; Samuels et al.,
1982; Dynan & Tjian, 1983).

RNA pol 1

ABDEFHJ

FIGURE 14: Two classes of transcription factars are invelved in regulating transcription initiation, Indicated
ara the GTF's and RNA polymerass !, which form the basal transcription complex in the
vicinity of the transcription start site. Also indicated are gene-specific factors, which interact
through their DED {examplified with the HD and "zinc-finger” DEDs) with the DNA in a
soquence-specific manner and stimulate the transcription frequency through their activation

domains {examplified with the proline—rich and acidic activation domains}.

The first class consists of proteins which form, together with RNA polymerase 11, the
transcription initiation complex on the promoter. These factors (TFUA,-B,-D,-E,-F,-H,-J)
are active on most, if not all promoters and are referred to as the general transcription
factors {GTFs) (Reinberg et 2l., 1987; Reinberg & Roeder, 1987; Maldonado et al.,
1990; Inostroza et al., 1291; Cortes et al., 1892; reviewed in Mermelstein et al., 1989;
Saltzman & Weinmann, 1888; Sawadogo & Sentenac, 1880; Zawel & Reinberg, 1992).
The second class consists of sequence specific DNA binding factors which function in a
more restricted manner. They are not reguired for basal levels of transcription but
instead stimulate the transcription frequency through enhancement of the rate of
initiation and/or the formation of a more stable transcription initiation complex. These
transcription factors are referred to as gene-specific transcription factors. They are
characterized by a modular structure and contain distinct domains inveolved in DNA
binding and transactivation (reviewed in Ptashne, 1986; Maniatis et al., 1887; Mitchel
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& Tijian, 1988, Johnson & McKnight, 1989). In addition, several different structural
DBDs and transactivation domains have been characterized, of which the "zinc-finger”
and homeodomain (HMD) DBDs and the proline-rich and acidic transactivation domains
are shown as examples in Fig. 14. The DBD positions these factors on the DNA
whereas their transactivation domains allows them to "communicate" directly or
indirectly with each other and the GTFs to modulate levels of transcription initiation.

The general transcription machinery interacts with promoter DNA and positions RNA
polymerase il for proper start site selection, Two distinct DNA-elements can be defined,
which constitute minimal promoters and are capable of directing the formation of a
competent transcription initiation complex independently of additional promoter
sequences {Fig. 15). The first element consists of an A/T rich sequence, the TATA-box
(consensus TATAAA) which directs transcription initiation from an approximately 25-30
bp downstream position (Breathnach & Chambon, 1281). The second element overlaps
with the site of initiation, lacks a well defined consensus sequence as yet, and is
referred to as an initiator {Inr) (Smale & Baltimore, 1989; Weis & Reinberg, 1892). An
Inr seems to be present in all TATA-less promoters, including those originally referred
to as GC-rich promoters, which are found in housekeeping genes and for which the
transcription factor Sp1 (consensus binding sequence GGGGCGGGGL) was thought to
be responsible for the scattered patterns of initiation observed on such promoters {Fig.
18) (Dynan, 1986). Analysis of a canonical GC-rich promoter, the dihydrofolate
reductase (dhfr} promoter, has shown that although the Sp1 binding sequences are
important pararneters of the levels of initiation the site of initiation is determined by an
Inr (Blake et al., 1990; Means & Farnham, 1390; Weis & Reinberg, 1992).

' 25-30 b F:
TATA —[ TATA p

+1

“ Inr 7

tnr -

Sp1 Sp1 Spt Sp1

GC-boxes

T
overall GC-rich

FIGURE 15; Two classes of DNA elements can constitute 2 minimal promoter. The TATA box directs
initiation from a 25-30 bp downstream position whereas the Inr directs initiation from a position
within itself,
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1.2.2 Mechanisms of transcription _initiation

1.2.2.1 Transcription initiation on TATA-containing promoters

RNA polymerase [l needs auxilliary proteins to catalyze accurate transcription.
Todate seven such factors (TFHA, -B,-D,-E,-F.-H,-J}) have bheen identified, primarily
through analysis of the adenovirus major late promoter (Ad-MLP) {for a recent review
see Zawel & Reinberg, 1982). Only one of these factors, TFIID, can specifically interact
with DNA and recognizes the TATA-box (Parker & Topol, 1884). The additional factors,
including RNA polymerase II, enter the complex through protein-protein interactions.
The assembly of the GTFs into the initiation complex proceeds in a highly ordered
fashion. The time of entry of a specific factor intc the complex can be elegantly
visualized by DNA binding assays, as originally performed by Buratowski et al., 1289
(see also Zawel & Reinberg, 1992). Native gels are used to resolve complexes between
the GTFs and labelled promoter DNA. TFIID is the first factor to associate with the DNA
through a sequence specific interaction with the TATA-box. The TFID-DNA complex
provides the entry point for TFIIA and TFIIB, which results in 2 more stable DNA-bound
TFII-ABD complex. Subsequently, RNA polymerase il is directed into this complex by
TFIIF. Next TFIE and TFlH enter the complex through an interaction with RNA
polymerase [, finally TFII-J enters.

The recent isolation and characterization of cDNA clones encoding several of the
GTFs (TFIID, TFIB, TFIIE, TFIF), in combination with the use of highly purified GTF-
protein fractions, has enabled studies addressing the mechanism of transcription
initiation by RNA polymerase Il. The major breakthrough, however, was the isolation of
cDNA clores encoding the TATA-binding component (TBP) of TFIID (Greenblatt, 1981
for refs.). Functional studies with recombinant TBP showed that it could interact with
the TATA-box in a2 sequence specific manner and could functionally substitute for
native TFIID in the process of basal transcription initiation (Peterson et al., 1980; Pugh
& Tjian, 1990, 1991; Dynlacht et al., 1990; Kelleher et al., 1892). Recombinant TEP,
however, was not able to mediate the response to any of the gene-specific
transcription factors tested todate, in contrast to a highly purified cellular TFIID fraction
(Peterson et al., 1990; Pugh & Tjian, 1990, 1991; Dynlacht et al., 1920). This finding,
combined with the observation that the molecular weight of TBP (38 kD) is much
smaller than the estimated size of TFIID (> 100 kD) led to the identification of TFIID as
a multiprotein complex consisting of TBPF and several tightly bound TBP-associated
factors (TAFs) (Dynlacht et al., 12€1; Tanese et al., 1891; Pugh & Tjian, 1992).
Whereas TBP c¢an sustain basal levels of transcription, the TAFs seem essential 10
mediate the response to gene-specific transcription factors.

In addition to cDNA clones encoding TBP, TFIIB- (Ha et al., 1982), TFIE- {(Peterson
et al., 1991) and TFIiF encoding ¢cDNA clones (Sopta et al., 1989; Aso et al., 1992;
Finkelstein et al., 1982) have been isolated. In contrast to TFIID, recombinant TFIB,
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TFIIE and TFIF can functionally substitute for the corresponding purified cellular
fractions in gel mobility shifts, basal tramscription and activated transcription. The
mechanism of action of each of these GTFs, however, remains 1o be established.

1.2.2.2 Transcription initiation on TATA-less promoters

The formation of a functional transcription initiation complex is nucleated by
the assocation of TFIID with the TATA-box. However, a great variety of promoters do
not contain @ TATA-box, but yet maintain accurate levels of transcription initiation. The
breakthrough in the analysis of tramscription initiation on TATA-less promoters came
with the study of the TATA-less terminal deoxynuclectidyltransferase (TdT) gene
promoter, where a 17 basepair fragment, overlapping the +1 initiation site was
identified as being the element, which could direct accurate transcription initiation from
the +1 site, independently from additional promoter sequence {Smale & Baltimore,
1988). This element, which was later constricted to an eight bp (-3/+5) fragment, was
referred to as the initiator {Inr, see Fig. 16).

TAT SCCCTCAY'TTCT 4

dhfr 1ATTTCGCGCCAR+LACTT

PGED ACAYY STCCTGGTITAC, .
Ad-P5 4CTCCATITTTT,

rp LCTTCCHICTITTCC, 4
AQ-MLP STCCTCAYICTCT,

Ad-IVa2 SGTCTCAY'GAGT ¢

AR-TIS I sCTCCCAYIGCGC, 5

AR-TIS II sCCCTCCH GAGA

FIGURE 18: AR-TIS | and AR-TIS |l are structurally related to an Inr, Shown is a comparison of identified Inr

sequences with the two transcription initiation sites of the hAR promoter, AR-TIS | and AR-TIS
1%

Examination of additional TATA-less promoters identified functional inr elements in the
dhir-gene (Blake et al.,, 1989; Means & Farnham, 1990}, the porphobilinogen
deaminase (PBGD) gene (Beaupain et al., 1990), the adenoc-associated virus type 2 P5
(Ad-PB) promoter (Shi et ai.,, 1991) and a2 mammalian ribosomal protein {rp} gene
(Hariharan et al., 1990). Interestingly, the presence of an Inr sequence is not restricted
to TATA-less promoters as functional Inr sequences have been identified on the TATA-
containing Ad-ML promoter (Roy et al., 1991) and the Ad-1Va2 promoter (Carcamo et
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al.,, 1980). Although the identified elements share a preponderance of pyrimidine-
residues, no overall consensus sequence could be constructed. This observation leads
to the suggestion that the inr is a heterogenous element and based on their nucleotide
sequence several Inr subfamilies were postulated (reviewed in Weis & Reinberg, 1982).

Regarding the mechanism of Inr-madiated transcription initiation, efforts have been
focussed on the identification of protein factors, essential to this process. Using in vitro
transcription experiments, it was shown that the GTFs, as defined for transcription
initiation on TATA-containing promoters and including TFIID, are necessary to sustain
basal and stimulated levels of initiation on synthetic promoters containing the TdT Inr
(Smale et al., 1290; Pugh & Tjian, 1991). The assumption that protein-lnr interactions
would provide the basis for the formation of the transcription initiation complex, led to
the search for proteins capable of sequence specific interaction with the respective Inr
sequences. So far, proteins capable of interacting with the inr of the dhfr (Blake et al.,
1889; Means & Farnham, 19280), the Ad-P5 (Shi et al., 1991), and the Ad-ML promoter
{Roy et al., 1981) have been identified. Characterization of these proteins confirmed
the heterogeneity of the Inr as it resulted in the identification of the transcription
factors E2F (also called HIP1) and YY1 as the factors interacting with the dhfr- and Ad-
PS5 Inr, respectively (Blake et al., 198%; Means & Farnham, 1980; Shi et al., 1881),
whereas an as yet uncharacterized protein, TFll-l, interacts with the AD-MLP inr (Roy et
al., 1281). So far, however, the link between these proteins and the GTFs, resulting in
Inr-mediated transcription initiation remains unclear.

1.2.2.4 Transcription initiation on the hAR promoter
The promoter of the AR gene is located approximately 1 kb upstream from the
translation initiation codon in exon 1 and has been identified and characterized in the
hurman, mouse and rat species {Tilley et al., 1930; Baarends et al., 1990; Faber et al.,
1991a, 19810 [Chapters IV and VII). Twoe major transcription initiation sites (AR-TIS |
and AR-TIS ll) are located in a 13 bp pyrimidine-rich region. No direct sequence
homology exists between AR-TIS [, AR-TIS Il and any of the previously described Inr
sequences, but both AR-TIS 1| and AR-TIS !l are structurally related to those Inr
sequences (see Fig. 16}. Additional structural elements with regulatory potential consist
of a short GC-box containing an Sp1 binding sequence and a long homopurine stretch
which is variable in length between the hAR, mAR and rAR promoter based on the
presence of 4, 6 and & (GGGGA)-repeats, respectively (see Fig. 17). As discussed
previously (81.1.2}, no alternative promoter utilization has been demonstrated for the
AR gene and, in addition, the relative ratio of the AR-TIS [ and AR-TIS !l transcripts is
similar in the small group of cell lines and tissues tested so far (Tilley et al., 1990,
1981; Takane et al., 1991).
Analysis of the sequences involved in AR-TIS | and AR-TIS Il selection on the TATA-
less hAR gene promoter identifies two different initiation pathways that are active on
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overlapping sequences {Fig. 18, taken from Chapter VI).

HOMOPURINE

(GGGGAM
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Ju— +50

HUMAN _

HOMOPURINE
GGEGGA
RAT I )8
-150 S0
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MOUSE {(GGGGA)E
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FIGURE 17: Schematical camparison of the proximal promater regions of the hAR, rAR and mAR genes
Shewn are the transcription initiation sitas, the GC-box with the Sp1 binding site and the

homopurine stretch. The number of GEGGGA repeats in the 5 -segment of the homopurine
stretch is given.

=

\NN&

/

FIGURE 18: Overview of the transcription initiation events on the hAR promoter. Shown is a representation
of the hAR proximal promoter. Indicated are the homapurine streteh (hatched area), the GC-box
[black area) and the transcription initiation sites, | and I, respectively. The Sp1 binding sequence

at -46/-37 is responsible for AR-TIS Il utilization but does not affect AR-TIS | selection which is
dependent on sequences batween position -5 and +57.
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AR-TIS | utilization is determined by sequences which are located between positions
+5 and +57, whereas the short GC-box and more precisely the Sp1 binding sequence
at -46/-37 is essential to AR-TIS |l utilization. As the -5/4+57 sequence does not
contain sequences homologous 1o the binding sites of known regulatory proteins, the
only protein so far identified in start site selection on the hAR promoter is Sp1.
Although it might be possible that Sp1 is the sole determinant of AR-TIS [l utilization, a
comparable promoter, either a native one or a synthetic one, in which Sp1 performs
such a function has not been described. Instead Sp1 binding sequences are often found
in the proximal promoter region and Sp1 has been referred to as a protein, which
increases the relative initiation frequency from a large variety of genes (see Mermelstein
et al., 1288; Seipel et al., 1992). As the AR-TIS Il sequence is reminiscent to an I[nr,
this sequence could represent the actual determinant of initiation, although this remains
to experimentally proven. With regard to AR-TIS | utilization, the precise sequences and
factors involved remain to be established.
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1.3: SCOPE OF THE THESIS

Androgens, the male sex steroid hormones, are essential for the development of
the male phenotype during embryogenesis as well as male virilization during postnatal
fife. The physiclogical response to androgens is mediated by a soluble intra-celiular
receptor protein, the androgen receptor, which functions as a ligand-dependent
transcription factor. Defects in the androgen-androgen receptor signal transduction
pathway, including structural abnormalities in the androgen receptor protein have been
implicated in several sex-linked disorders, notahly the androgen insensitivity syndrome
and Kennedy’s disease. As part of our ongoing work on the role of the androgen
receptor protein in normal and abnormal physiology, this thesis describes the molecular
cloning and the characterization of the androgen receptor transcription unit.

in chapters II-IV the molecular cloning and characterization of human androgen
receptor complementary DNA (cDNA) and genomic clones is described. Chapter |l
presents the amino acid sequence of the large N-terminzl domain of the androgen
receptor. Chapter Il deals with the genomic organization of the human androgen
receptor gene with respect 1o the protein coding exons. Chapter IV extends the work of
chapters [l and Il with the isolation and characterization of cDNA clones covering the
fulllenght 11 kb human androgen receptor mRNA. It includes the identification of a
functional promoter and polyadenylation signals as well as the characterization of an
alternative splice which takes place in the 3’-untranslated region (3°-UTR) of the human
androgen receptor mRNA. Chapter V describes the cloning and characterization of the
mouse androgen receptor cDNA and gene. The experiments described in chapter VI
concern the process of transcription initiation on the TATA-less androgen receptor

promoter.
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Rapid Communication

The N-terminal domain of the human androgen receptor is encoded by one,
large exon
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Summary

Using specific cDNA hybridization probes, the first coding exon of the human androgen receptor gene
was isolated [rom a genomic library, The exon contained an open reading [rame of 1586 bp, encoding an
androgen receptor amino-terminal region of 529 amino acids. The deduced amino acid sequence was
characterized by the presence of several poly-amino acid stretches of which the long poly-glycine stretch
(16 residues) and the poiy-glutamine stretch (20 residues) were most prominent. Androgen receplor
cDNAs from different sources contained information for poly-glycine stretches of variable size (23 and 27
residues, respectively), The androgen receptor amino-terminal domain was found to be hydrophilic and
have a net negative charge. Combined with the previously deseribed, partially overlapping ¢DNA clone
TA2M27 (Trapman et al. (1988) Biochem. Biophys. Res. Commun. 153, 241-248), the complete human
androgen receptor was deduced to have a size of 910 amino acids,

Entroduction

Androgens exert their physiological function by
an interaction with the intracellular androgen re-
ceptor {AR). This interaction ‘activates’ AR and
enables 1t to modulate specific gene expression by
binding to androgen response elements located in
the flanking regions of target genes {Yamamoto,
1985). AR is a member of the superfamily of
ligand-responsive transcriptional modifiers (Green
and Chambon, 1986; Evans, 1988) which includes
steroid hormone receptors, the vitamin D3 recep-

Address for correspondence: Dz P.W. Faber. Department
of Pathology, Erasmus University, P.O. Box 1738, 3000 DR
Rotterdam, The Netherlands,

tor, thyroid hormone receptors and retinoic acid
receptors. All members of this family are char-
acterized by a similar domain structure: a C-
terminal domain which is essential for ligand
binding is preceded by a DNA-binding domain
composed of two DNA-binding Zn fingers and an
N-terminal domain of variable size. The involve-
ment of the N-terminal domain in the fine tuning
of transcriptional regulation has been established
for some receptors (Danielsen et al., 1987 Kumar
et al,, 1987 Tora et al., 1988).

Dysfunctioning of the system of AR-modulated
gene expression is presumed to be involved in
several forms of the androgen insensitivity syn-
drome (Wilson ¢t al., 1983; Pinsky and Kaufman,
1987) and in the (progressive) growth of human
prostate cancer (Coffey and Pienta, 1987). There-

0303-7207 /89,/303.50 © 1989 Elsevier Scientific Publishers Ircland, Ltd.
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fore. a detaiied knowledge of human AR (hAR)
structure and expression is of great clinical impor-
tance.

Recently, the isolation of partial hAR cDNA
clones has led to the elucidation of the primary
structure of the putative DNA-binding domain
(Chang et al.. 1988a; Lubahn et al., 198&; Trap-
man et al., 1988) and the putative higand-binding,
domain (Trapman et al, 1988). Here we describe
the cloning and characterization of a genomic
DNA fragment containing the information for the
complete N-termiaal region (hAR-N).

Materials and methods‘

The human genomic library (Mbo 1 partial
digest in EMBL3) was a gift of Dr. G. Grosveld
{Rotterdam, The Netherlands). T47D cDNA
libraries in ygtl0 were kindly provided by Dr. E.
Milgrom (Paris, France) and the human testis
¢DNA library (Clontech, Palo Alto, CA, U.S.A)
was made available to us by Dr. d’Azzo (Rotter-
darn),

Phages were propagated in Escherichia coli
C600HN or Y1090. Screening of the libraries was
performed according to standard high stringency
hybridization procedures. Probes were labelied as
described {Feinberg and Vogelstein, 1983). Posi-
tive phages were isolated by three rounds of puri-
fication. Phages were grown. DNA purified and
characterized by restriction mapping and South-
ern blotting vsing standard methods (Maniatis et
al., 1982; Davis et al., 1986).

Insert fragments were subcloned in pUCY or
pTZ19 and mapped in detail. Appropriate [rag-
ments were subcloned in M13mp18/19 and se-
quenced by the dideoxy chain termination method
(Sanger et al.. 1977) using sequenase (USB, Cleve-
land, OH, U.S.A) and GTP or ITP. In addition,
GC-rich regions were sequenced by the chemical
cleavage method (Maxam and Gilbert, 1977).

Results

Previcusly we reported the isolation of a partial
hAR c¢DNA clone (7A2M27) from a T47D
(mammary tumor cell ling) ¢cDNA library (Trap-
man et ak., 1988). Clone TAZM27 contained the
information for the putative DNA-binding and
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Fig. 1. Partinl restriction map of G17.1 A 7 kb Mindlll/
HindllI fragment (Gm 20) containing the first coding exon of
the hAR gene is shown in more detail. The black bar over Gm
20 indicates the position of the 1586 bp ORF, starting with the
indicated ATG start codon and ending with the splice donor
consensus sequence 5-GTAAG-3". The indicated TAG stop
codon is locuted in-frame at poxition — 105 to ~103. Two
independent ¢DNAs (T4.1-A1 and 3.3) are shown under Gm
20 with the straight line indieating corresponding sequence and
the broken line indicating deviating sequence. B = Bam111,
M = HindllL, P = Pxr], 8= Sucl, Sm = Smal.

ligand-binding domain of hAR but lacked most of
hAR-N encoding sequences. Using an appropriate
TAZM27 5-fragment a human genomic library
and several ¢cDNA libraries were screened. This
resulted in the isolation ol a genomic clone (G17.1)
and the ¢DNA clones 3.3 (T47D) and T4.1-Al
(testis) (Fig. 1).

Sequence analysis of the hybridizing [ragment
of G17.1 and comparisen with cDNA sequences
revealed the presence ol an open reading frame
(ORF) of 1586 bp (Fig. 2). The first ATG in this
ORF was preceded by an in-frame stop codon
(TAG) at position —105 to —103 (Figs. 1 and 2}.
Sl-nuclease mapping showed that Gi7.1 lacked
intervening sequences 1n the coding region pre-
sented (data not shown). Starting at position 1587,
G171 deviated (rom the ¢cDNA sequences and a
splice donor consensus sequence (5-GTAAG-3")
(compare Figs. 1 and 2) was found at this posi-
tion. Combination of the hAR-N ORF with the
TA2ZM27 sequence (Trapman et al., 1988) resulted
in the construction of a 2730 bp [ragment en-
coding the complete hAR. This ORF can encode a
910 amino acid protein with a caleulated MW of
99 kDa. This value is somewhat below the value of
110 kDa obtained by SDS-PAGE analysis of the
photolabelled receptor (Brinkmann et al., 1988).
Whether this dilfercnce is due to post-transla-
tioral medifications and /or an aberrant mobility
is at present unknown. hAR contains ample sites
whick could be subject to modilications such as
serine, threonine and: tyrosine phosphorylation



CTGCAGCGACTACCECATCATCACAGCC TR TTCAADTET TCTCARCAACAGAAGCERACGGCERGATAAGRRAARTARE

19 20
TCEAARATICACCCAALCT CAACRT) {GAAGT GCACRTTAGGGCTRCCAAGGOTCTACCCTCREECELLG TCCAAGACCTACCGACGASTT
FluValGinleullylouGlyArgVakTyrProArgP roProBarly s ThrTyrArgClyAla

30 a0 50
TTCCAGAATCTRT TCCARARCR TRCGCRAART CATCOARAAGCCGCERCLCAGCTACCCACARCCCGCRARCECAGCACCTCCCEREGLT
thClnﬂﬂntnuphnclnSarVnIArzﬁlan}IlnEIﬂAnnProGlyProArzHlnProEluAlnAlnEnrAlaRlﬂProFrnﬂLyﬂla

Lo+ 70 oa
AGTTIGCTGCT RCTRCACCAGCAGEAGCAGCAGTARCAGCACCAGCARCAGCARCAGCCAGCAGCAGCACCARCAACAGATTAGCCCCAGE
GrrleulruleulauClnClnGlnGinElnClnGIlaClnRlnCIlnRinGlnGinGlnGleCinBinGlnCinElnCluThrEarProArg

90 100 110
CARCAGCARCARCARCAC RO TCAGCATGR T TCTECCCAARERCATCCTARAGCOCCCACAGECTACC TRETCCTCEATGARGAACARCAA
BinGinGlnGInRInGinGlyGluAanfilySerProllnAlalfivArgAreBlyProThrBlyTyrLouValleouAapGluRleGLlnGln

120 130 140
CCTTCACACCCCCAG TCGGCCCTRGACTGLLACCCCEARACAGETTOCRTCRCAGAGCC TCCABEDECCU TGGLCOCCAGCAAGGGGETE
ProGerGlnrroblnferdAlalaullulyat{nProGluArgBlyCyavatProGluProGlyAleAlaValAlaAlsBarlynGlylru

150 160 170
CCRCARCACCTOCCACCACCTCCREARGAGRATRACTCAGCYGLCCCATCCACGTTETECCTECTERECLCCCACT Y TCCCREECT TAAGT
ProGinGlnleuProAlaProProATpGivAspAanSnrAlaAlaPreSerThrlavSarl aulauAlaProThrPhalroGlylLauGer

100 190 200
AGCTCCTCCBCTGACCIYAAAGACATCCYEAEEGAEGBBABEACEATGCAACTFCTTCAGCAAGAGCACCAGGAAGCAGTATCCGAAGGC
GorCyaBarAlaAapLaulynAnpIlnlauSarGluAlaBarThrMatGlnleulawBlnCInGlnGlnlinGluAlaValfarBluGly

210 220 230
AGCARCARCRCAACAGCGARCRAGCCC TCCRGEGCTECCAL TTCL TRCAAGGARAAT TAC T TAGRGGECAL T TCCACCATTTETSACAADT
GarGSerfnrtl yAppAlaArgClyuAlaSarGlyAlaProThrEarSarlynAspAnnTyrLauRlyGlyThrBarThriloBurAspAnn

2410 250 260
CCCAAGGART I TG TAAG G CAR TG TEGG TR TCCATGCRCCTRCE IR T CRAGCCR T TRCARGCATCTCACT CRAGGRGAACARL T TCCRLGE
AlaLynCluleuCynlyaAlaValGerVolSerMntGlylauGlyVYalGiuAlalLeauBluHialeuBerProGlyBluBintouArgGly

290 280 290
CATTGCATCGTACGCCCCACT TTTGGCAGT TCEACECECTGTGCETCOCAGTEEY TBTCCCCCATTRGEEGAATGCAAAGS T TCTCTENTA
AapCyuMntTyralaProlnulouRlyValProProAlaValArgProTheProlysAleProLeuAlsGluCyalyaGlyBerLaulou

300 3te azo
CACGACAGEGCAGCCAARAGCACT CAAGATACTGCTGAGTAT ICCCETTTCAACCEAGET TACACCAAAGRECTAGAAGGCEAGAGLE TA
AnpRopSerAlaglylyagerThrGluAspThrAla@luTyr8orf roPhalysGlyBlyTyrThelyoGlyleubluBlyGluGarley

a2xa 3sa
CRCTRCTCTOGCAGCGCTGCACCARRRACC TCCEERACACT TCAACTRECETCCACTCTETCTETCTACAAG TCCSEGAGCARTGGACGAG
ClyCynGarGlySarAlanlaAlaGlySerSarCly ThrlovGlulauProCarThrLouBoriauTyrlLynEar@lyAlalouAapCly

a0
CeACCTGCE T ACCACACTCECGACTACTACAALTTTCCACTRGCTC TRECCGCARCECCECCCLCTCLGCCECCTCCCCATCCCCACRET

AlsA)laAlaTyrGlaSerAcgAspTyrTyrAonPheProleuAlaleurlaGlyProProProProProProProProHiaProHisAle

aso 200 210
CROATCAAGCTIGEAGAACCTGLTGOACTACCGEAGCECLTREGCEGETECEGECECCCCARTRCCECTATRERCACCTRACCACGCETRDAT
AcgIlelyslouGluAsnleuleuAspTyrGlyEerAlaTrpAlaAlaAlsAlaAlatiinCysAcg TycGiyAnsplovAlaforlautis

420 430 A40
CEOGCGERTGCARCERCACCCOETTCTOGRICACCCT CAGCLECCGCT TECYCATCCTRGCACACTLTCT TCACACCCCAAGAAGGCCAG
GLyAIaGlyAlaalaClyProGlySerGlySarProSerAlaAlnALaGarSarSar rpHieThrLauPhaThrAlaGlyGIuBlyGin

4540 460 470
TIRTAIGRACCE T TR TRETRETRENECTCCTEELECCRE R CECECOGELGECECCRELCELCARGLCEGGACCTATAGCCCCCTACGES
LauTyrGlyProCyaClyGlyGlyGlyGlyClyGlyGlyGlyGlyGlyClyGlyGlyOlyGlyCRluAlalBlyAlaVelAlalroTyrGly

AB0 as0 504
TACACTCGRCCCCOTCARCRRETGLCGEECCARCAAAGLCACT TCACCECACCTCATETETCRYACCCTOGCRCCATERTCAGTACARTE
TerhrArgFroPruGlnBlyLnuAluc]yGlnBluBnrAﬂpPthhrAlnProAapVo1TrpTerroBIyE!yHutVulB-rArgan

510 520
CCETAYTCCCARTECEALT TET RTCAAAAGEEANATCRRCEECTUEAT CEATARETACTCCGCOACCTTARGERGACATEE TTTTT
ProTyrProfarProThrCyaVallysSerGluMetGlyProTrpMatAapblrTyrCarGlyProTyrCl yAspHatiy
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Fig. 2. Genomic nucleotide sequences and deduced amino acid sequences of the N-terminal region of hAR. Mumbers at the vight
indicate nucleotide sequences and numbers over amino acids indicate aming acid sequenges. The TAG stop codon. the ATG <tart
codon and the splice donor consensus sequence 5-GTAAG-Y are boxed. The poly-Gin. poly-Pro and poly-Gly stretehes are

underlined.
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Fig. 3. Schematic presentation of the distribution of several amino acid residues over hAR, showing the abundance of Cys, Lyvs and

Arg residues in the DNA-binding domain, the presence of an acidic domain between 100 and 325 and the bias for proline. alanine
and scrine/threonine residues in the N-terminal region of hAR. The amino acid composition of the DNA- and steroid-hinding
domains is from Trapman ¢t al. {1988).

and for O-glycosylation (see Jackson and Tjian,
1988).

The hAR N-terminal domain comprises the
first 529 amino acids. A considerable bias for
certain amino acids, notably proline (10%), alanine
(11%), glycine (9%). glutamine (9%) and scrine/
threonine (12%) can be observed in this region
(see Fig. 3). In addition, several remarkable
stretches of homopolymeric amino acids are pre-
sent (Figs. 2 and 3) of which the long poly-Gln
(58-77: CAG/CAA 1riplet) and poly-Gly
(448-463; GGN triplet) regions are most promi-
nent, but which also indude twe shorter poly-Gln
(83--88: 192-196) stretches, a poly-Pro (371-377)
stretch and a poly-Ala (397-401) streteh. The
hydrophobicity plot of hAR revealed the N-termi-
nal region to be very hydrophilic {(Fig. 4). Calcula-
tion of the net charge of hAR-N resulted in a
negative value of —22. mainly because of high
amounts of acidic amino acids in the region
100-325 (see Fig. 3).

Although the protein coding sequences of the
genomic DNA clone and those of the two cDNA
clones were in excellent agreement with each other.
one striking difference was found. The GGN re-
peat, encoding the poly-Gly stretch was cornposed
of 16 GGN triplets in the genomic clone whereas
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23 GGN triplets and 27 GGN triplets were found
in the T47D clone 3.3 and testis clone T4.1-ATL
respectively. The deviations started at an identical
position; onc GGT triplet followed by a series of
GGC triplets was lacking in both ¢cDNAs. Se-
quence analysis of several different ¢lones isolated
from the same library gave rise to consistent re-
sults. The differences found could be the result of
unequal recombination during the preparation or
propagation of the libraries, which is sometimes
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Fig. 4. Hydrophobicity plot of hAR. Note the hydrophilicity of
the N-terminal region (1-529). the second DMNA-binding linger
and the hinge region {570-663) and the hydrophobicity of the
steroid-binding domain (664-910).



observed with repeat scquences. An alternative
explanation is the occurrence of a hypervariable
GGN repeat in the original DNA samples. Which
of the possibilities is correct remains to be estab-
lished. It will be obvious, however. that the deli-
nite size of the GGN repest sull is a matter of
dispute.

Piscussion

The deduced primary structure of hAR-N has
revealed 1t to encompass the first 529 amino acids
of the 910 amino acid hAR. hAR-N is encoded by
the first, large coding exon of the hAR gene. A
similar organization has been {ound in the case of
the chicken progesterone receptor (cPR) gene
where the N-terminal domain is also encoded by
the first, large exon (Huckaby et al., 1987). Pre-
liminary work on the organization of the re-
mainder of the hAR gene indieates that this is also
highly similar to that of the cPR gene.

Although hAR-N shows no obvious homology
to the corresponding region of other steroid
hormone recepiors, analysis of the amino acid
composition revealed some relationship with the
human PR (hPR) (Misrahi et al,, 1987). Like hAR,
the N-terminal domain of hPR s characterized by
high amounts of proline (15%). alanine {16%).
glycine (9%) and sering/threonine (13%) and it
shows the same hydrophilicity at the N-terminus
(data not shown} suggesting a clos¢ cvolutionary
kinship between the hAR and hPR. Interestingly,
high amounts of the alorementioned amino acids
have also been reported in the putative regulatory
domains of several recently characterized mam-
malian transcriptional regulatory (actors: SP-1
(Kadonaga et al., 1987}, C/EBP (Landschulz et
al., 1988) and AP-1 (jun) (Bohman et al., 1987).

An acidic domain of variable size seems 10 be
common 10 many transcriptional regulatory pro-
teins and in the case of two yeast lactors (GCN4
and GAL4) it is indispensable for proper function
(Prashne, 1988). Whether the acidic domain of the
hAR N-terminal region exerts a similar function
remains 1o be established.

The most conspicuous leature of hAR-N is the
presence of two transeribed repetitive elements,
the pen repeat (GGN: Haynes et al, 1987) and
the opa repeat (CAG /CAA; Wharton et al., 1985).
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[nterestingly. most proteins in which similar re-
peats were identified (Drosophila and mouse
komeotic gene products (see Haynes et al., 1987
for pen references and Burglin, 1988 for opa refer-
ences) and the rat and mouse glucocorticoid re-
ceptor (GR) (Daniclsen et al, 1987; Miesfleld et
al.. 1986)) are involved in developmental control
and /or regulation of gene expression. The Gln
repeat is absent in hGR (Holienberg et al., 1985).
A speceific function has not yet been attributed to
these repeats and there is evidence suggesting that
they do not contribute to any [unction at all
{Daniclsen et sl., T987). Sull it is remarkable that
the repeats have been identilied exclusively in
proteins with specific properties and it might well
be that the exact conditions under which they
exert their function have not been examired.

The pen repeat scems to be hypervariable in
size as 16 GGN triplets were found in the genomic
clone and 23 and 27 GGN triplets in two indepen-
dent cDNA clones. Thereflore, the actual size of
hAR can be different [rom the 910 amino acids
reported here. Studies are in progress to [ind out
whether the variability observed is a reflection of
the in vive situation. If this turns out (o be the
case, the GGN repeat could be a hot spot of
naturally occurring mutations which could result
in hAR deficiencies. Very recently Chang et al.
(1988Db) also reported the characterization of hAR.
DillTerences with our data are in the two long
homopolymeric  stretches (17 glutamines: 27
glycines) and at positions 389 (Leu/Pro) and 467
(Gly/Glu).

The cloning of the complete hAR coding region
has now provided the tools which are necessary to
investigate in detail the system of bAR-modulated
gene expression. Specific antibodies against vari-
ous parts of hAR can be raised and presumed
deflects in hAR structure can be investigated at
protein and DNA levels. Hopefully, this will lead
1o a better understanding of the role of hAR in
human disease.
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ABSTRACT

Tne compléte <¢oding region of the human androgen
receptor gene has been isolated from a genomic
Tibrary. The informatien for the androgen receptor
was found te be divided over elght exons and the
total length ¢f the gene exceeded 90 kb, The sequence
encoding the N-terminal region is present in one
large exon. The two putative DNA-Dinding fingers are
encoded separately by two small exons.The fnformation

for the hormone-binding demain 15 split over five
exons. Positlons of introns are identical te those
reported for the chicken progesterone receptor and
the human ocestrogen receptor geses. Southern blot
analysis of genromic DONA with various specific probes
reveal that the hunen androgea receptor 1s encoded by
a single-copy gene.

INTRODUCTION

Regulation of ¢ell growth and differentiation are
complex processes which require the cooperation of
many factors iavolved in  modulation of gene
expressien. Ameng these 15 the superfamily of
sterpid/thyroid hormone/retinoic acid recepters,
whose trans-actingactivity is controlled by the tight
and specific dinding of the cognate ligend [Yamamoto,
1985:; Evans, 1988: Green & Chamden, 1988]. The
molecular cloning and structural characterization of
cDRA's encoding many of these ligand responsive
foctors, has helped to define the structurzl
requirements for thelr proper functioning [Gigulre,
Hollenberyg, Reseafeld et al, 1986: Kumar, Green,
Stack et al. 1987: Guiochon-Mantel, Loosfelt, Ragot
et al., 1988]. 1n general three functional domains cen
be distiaguished, Firstly the largely hydrophobic G-
tarminal domain, which is fnvolved in T{gand binding
and probably alse in transeriptional activatien
[Webster, Green, Jin & Chawbon, 1988: Guiochen-Mantel
et al. 1988). Secondly & DNA-binding domain which
contains the highly conserved IZn-finger motif and
thirdly the scidic N-terminsl demain which i3
supposed to play a role in transcriptional activation
[Evans, 1988; Green & Chambon, 1988].

Androgenic hormones play an essential role 1n male
sexual differentiation and are Delieved To exert
their function at the transcriptional level via the
nuelear androgen receptor. The recently published
primary structure of the human 2ndregen receptor
reveals a domain structure identical to that of the
other members of the superfamily of 11gand responsive
factors [Trapman, Klaassen, Kuiper et al. 198§;
Chang, Kokentis & Liao, 1988; Lubahn, Joseph, Ser et
al. 19881, Three mRNA specles sizes {11, 8.5 and 4.7
kb) have been detected for the human androgen
receptor and the localization af the corresponding
gene has been confined to the XA-ghromosome [Trapman
ot al. 1988]. Defects in the human androgen receptor
have been directly correlated ve several forms of the
X-1inked androgen iasensitivity syndrome [Plnsky &
kaufman, 1987; Brown, Lubahn, Wilson et al. 1983].

In order to define more precisely the regions of
the human androgen receptar, which are involved in
pormal male phenotypic expression as well as in
abnormal male sexual differentiation, 2 detailed
kxnewiedge of the orgenization of the human andragen
receptor gene 15 of high importance. In the present
investigation the molecular cloning and _pdr-t‘i:ﬂ
¢haracterization of the hunan androgen receptor gene
is described.

Jo Mol, Engocr, (1989) 2, R1-I4
0952-5041/89/002-0R1  $02.00/0
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MATERIALS AND METHODS

An EMBL3I human genomic library [Mbe 1 partial
digest] was kindly provided by Dr. G.Grosveld
(Rotterdam). This library was screened several times
with appropriate, 32p-labeled [Feinberg & VYogelstein,
1983] human androgen receptor CONA fragments [ see
Trapmen et al. 1988; Faber, Kuiper, van Roaij et al.
1989: see 2lso Figure 24 [probes A-E)]. Duplicate
nitrocellulose filters were hybridized overnight in
6x55C, 10x Denhardt, 0.1% SOS, and 100 pg/ml salmon
sperm DNA at 6590 , Filters were washed twice in
3xSSC for 20 min at 659C, twice In 1xS5C for 20 min
al 65°C and once in 0.3xS5C for 10 min at 659C.
Filters were exposed to Kodak X-ARS film for 18 to 64
h at -706C ustng iInteasifier screens. Pesitive
plaques were purified by three 1solation eycles.

Phages were propagated, DNA isclated and
restriction maps prepared using standard procedures
[Mantatis, Fritsch & Sambrook, 1982; Oavis, Dibner &
Battey, 1986]. Appropriate fragments, containing exon
sequences, were sybclored 1n pUCS or pTZ1§ for
detalled restriction mapping. Fer sequencing
fragiments were subcloned ia M13mpl8/19. Sequencing
was performed by the dideoxy chain termination methad
using Sequenase (USB, Cleveland) and dGVP or dITP
[Sanger, Nicklen & Coulsen, 1977].

Southern blots of human genomic DNA were prepared
by standard methods (Maenfatis et al. 1982].
Hybridizations under stringent conditions were
performed as described above.

RESULTS

Using human androgen receptor cDNA fragments as
hybridization probes & total number of 9 different,
partially overlapping human genomic fragments was
isolated (Figure 1}. After restriction mapping with
EceR[, BamHl, Sstl and HindIll and subsequent
hybridization with c<ONA probes three groups of
overiapping clones could be 1dentified. The phages
17.1 and 5.1 span about 21 kb and contain sequences
enceding the human androgen receptor MN-terminal
region. Phages 2.1, 4.2 and 8.2 overlap and contain a
fragnent hybridizing with the DNA-binding domain.
These three phages span 2 range of approximaceiy 22
kb. Phage 9.2 also hybridized with a human angrogen
receptor ¢ONA probe specific for the ONA-Dinding
domain, but did not overlap with 2.1 or B3.2. Phages
8.1, 7.2 and 18.1 were overlapping and contained
sequences encoding the stereld binding domafn.

Printad in Groot Britain
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Structural organlzatlon of the human androgen receptor gene. The cight exons of Lhe human androgen
receptor gene are numbered 1-8 and their corresponding position in the human andregen receptor ¢DNA
13 indlcated together with the [ecatlon of the N-terminal-. DMA-binding and sterold-binding domains
respectively. The position of the 9 Individual clones (17.1: 5.1; Z.01; 4.2: 8.2: 9.2; 8.1; 7.2; 18.1) Is
shown at the bottom of the figure, In addition a restrictlon map of 1he genomic clones after digestien

with BamHI. EcoRI, Hindll!, Sstl and Sall Is shown.

Restriction mapping and hybridization experiments
with terminal fragmeats of the various inserts
revealed that 9.2 and 8.1 centained a common reglion.
The phages 9.2, 8.1, 7.2 and 18.]1 span a reglon with
a size of about 52 kb {Figure 1).

Appropriate hybridizing fragments were subcloned in
a plasmid vector and detailed restriction maps were
made (data not shown), Hybridization with human
androgen receptor cONA prebes revealed the position
of the varicus exons. Restriction s{tes known to be

present 1n the cOHA sequence and sites found to be
located in the direct vicinity of the exons were used
for stubeioning of Tragments in M13mpl18/39.
subsequently the nucleotide sequences of. these
regions were determined. A comparisen eof the genomic
sequence with the ¢DNA-coding sequence allowed the
identification of 8 exons, Detailed information on
the sequences at the exon/intron boundaries is shown
in Table . At all boundaries splice consensus
sequences are found.

TABLE |
HUYMAN ANDROGEM RECEPTOR GENE EXOW/INTRON JUNCT{ONS

£X0N INTRON EXON
GAC ATG CG GTAAGTTTITCCT-- 1 --TGIGTCTITCCAG T ITG GAG
Asp Met Ar 324 kb g %feu 1y
527 528 52 30 931
GCT GAA G GTAMGRGTCTTG-» 2 ~=TTTGTTCTCCCAG 66 AAA CAG
Ala Glu G >15 kb g Lgs Gln
578 579 5 50 531 5B2
16 G?f\ ﬁ GTARGATALTTTT-- 3 —-TCCTTCCCAATAG €C CGG AAG
Leu G 26 kb la Ar L‘;s
517 615 [ 19 620 621
TT6 CCT & GTAAGGAMAGGG-- 4 —~TCTTCTTCTCCAS H‘»C ITC 66C
Ley Pro G 5.5 kb Phe fur
F13 714 7 15 716 7]
TTC AAT GA GTMGTGCTCCTG-~ 5 -~ ATCTCLTTCCCAG 6 TAC CGC
Phe Asn G1 4.8 kb u 1§r nrg
761 762 76 3764 78
AGC AIT A RTAMGTECCTAGA-- £ --CATCCCACATCAG ]’T CCA GT
ser lle | 0.3 kb e Pro Va
805 806 8 G/ 808 309
CAG CCT GTAAGCARACGAT-~ 7 ~-TTGTTCCCTACAG AT GCG
In Pro 0.7 kb [ie Aja
58 859 860 A6l
The splice position n the amino acld sequence is relative to +]
as determined 1n Faber et al. #9. The position in the aming
acid sequente in irapman et al. 19BR can be obtained by

subtracting 458 from each number.

J. Mol. Endocr. (1989) 2, R1-Ra
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a. Human androgen receptor CONA probes {A-D) used for
Southern blot analysis of human genemic DRA. Probes
A-E£ were used for screening of genomic lbraries.
Kumbers indicate different exons. For detection of
exon 3 a specific Xbal-Xbel genomic fragment
containing the complete exon was used, A: Asp7ld; P:
Pvull; Rz EcoRI; 5: Sstl; St: Stul. latched region
represents sequences enceding the ONA-bBinding doemain;
black region represgnts the stereid binding domain.

b. ‘Southern blot analysis of genomic DNA., DNA was
digested either with Bamdl, EcoRl or HindIil {as
indicated at the top of each lane). The following
hybridization probes were used (see figure 2a): lane
1: probe A {exon 1); lane 2: genomic Xbal.Xbal probe
encompassing exon 3; lane 3: prodbe 8 {exon 3 + 4)3
lane 4; probe C {exon 5 + §); lane 5: probe D {(exon 7
+ 8). The high molecular welght band in lane 3
probably represents exon 3.

The first exon contains the ATG translation start
codon and the infermation for the complete H-terminal
domain of the human androgen receptor (1586 bp). The
size of the first exon is over 2 kb, because of the
very long 5"-noncoding sequence.The DNA-binding
domain 15 represented by two small exens. The
sequence encoding the first Znefinger s {n exon 2
(152 bp), whereas exon 3 (117 bp) encodes the second
In-finger. The steroid binding domain {is divided cver
5 exons {288, 145, 131, 158 and 153 bop,
respectively). £xon 8 contains the last part of the
open reacing frame (153 bp) and presumably all of the
corresponding large 3'-nencoding region of the “human
androgen receptor mRNA (over 6§ kb}. Introns between

exons 1 and 2, exons 2 and 3, and exons 3 and 4 are
very large { 24 kb, »15 kb and approximately 25 kb,
respectively). The other introns are much smaller:
5.6 kb, 4.8 kb, 0.8 kb and 0.7 kb respectively. The
tota! length of the human androger receptor gene willd
be more than 90 kb,

fligh stringency hybridization of Seuthern blets of
human genomic DNA was performed with a panel of
different human androgen receptor specific probes
(Filgure 2a). Examples of Lhese experiments are shown
in figure 2b. Only hybridizing bands were {dentified
which correspond exactly in size and number to those
predicted trom the restriction maps of the phage
inserts after Hind|1l, Bam#l and EcoRl digestion
(Figures 1 and 2). This result strongly indicates
that the human androgen receptor 1s encoded by 2
single-copy Qene.

DISCUSSION

The orgarization of the human androgen receptor
gene was elucidated from overlapping fragments
isplared from & genomic library. The human androgen
receptor gene has a total length of more than 90 kb
and the protein coding part wes found Lo be separated
over eight exons. All exon-intron junctions were
sequenced and the exact size of the various exons was
determined. Analysis of genomic DNA showed that the
human andregen receptor is encoded by a single«copy
gene. This 1s in concordance with the genes of the
¢ther steroid hormone receptors, which are alse
single-copy genes and are located on separate
¢hromosomes [Green & Chambon, 1988]. In contrast for
both the retinoic acid receptor and the thyroid
hormone receptor at least Two genes have been
reported, one of each on chromosomes 3 and 17 [Evans,
1988; Green & Chambon, 1988]. Because anly one gene
for the androgen recephor is found, the previcusly
described three mRNA species of the human androgen
receptor [Trapman et al., 1988] may be evolved from
aiternative processing of one primary transcript.
Alternatively, one or both smaller mRNA's are
specific degradation products of the large [approx.
11 kb) transcript. Detailed analysis of the extremely
long 5'- and 3'- nongoding regions of the cONA and
the corresponding parts of the gene 1s 1n progress.

The NK-terminal domain of the human androgen
receptor {5 encodec by one large exon [Faber et al.,
1989]. The putative DNA-binding domain 15 divided
over two small exons. This finding suggests that each
part of the DNA-binding demain may represent a
separste functional sub-domain. Supportive evidence
for this speculative suggestion has been reported
recently [Green, Kumar, Theulaz et al,, 1988]1. In
that study the first 'zine finger' in the cestrogen
and the glucccorticold receptor is found to be
involved 1n specific recognition of hormone
responsive elements, whereas the second finger 1%
supposed to stabilize the DHA-protein interaction
through non-specific ONA-Dinding and dimer formation.
Whether this mechanism can be generally applied for
all the members of the stercoid/thyroid hormone
fretinoic acid receptor family awaits further
conglusive experiments.

Recently the structure of the chicken progestercne
receptor and human oestrogen receptor genes have been
reported [Huckaby, Conmeely, Beattie et al., 1987;
Ponglixitmongkel, Green & Chambon, 1588] and =z
comparison of the genomic organization of these genes
with that of the human androgen receptor geng
revealed striking conservation. Although intron sizes

J. HMol. Endocr. (1983) 2, RI-R4
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varied consideradly, all exon-intren boundaries were
at exactly the same positions. This finding
substantiates carlier observatiens showing that
sterold receptors are members of the same subgroup of
Ttgand responsive transcription activating factors.

In the thyroid hormone receptor and retinoic agid
receptor genes the posftion of the intron separating
the exons enceding the two zinc fingers 1s different
from that found in stereld hormone recaptors
[Zachraoul & Cuny, 1987; Green & Chambon, 1988].

In the human oestrogen and glucecerticeid receptor
as well- a5 in the human progesterone receptor &
hormone-inducibie transcription activating reglon {is
present close to or within the hormene binding demain
[Webster et al., 1988; Guiochon-Mantel et al., 1988].
In this regard it would be of interest te investigate
whether ore of the exons encoding the androgen
binding domain provides specific information for
transcription activation. Exon deletion as well 35
excn swapping experiments will have te be performed
to substantiate this point further.

The information in the present investigation on the
organization of the humadn androgen receptor gene is
of extreme importance for the detailed analysis of
the androgen receptor gene 1n patients with androgen
resistance, Knowledge of the human androgen receptor
gene structure allows direct screening for the
presence of each individual exon by Southern blotting
and hybridization with specific androgen receptor
prebes. Furthermore each !ndividual exon can now be
amplified using the DMA-polymerase chain reaction
[saiki, Gelfand, Stoffel et al., 1988] and tan be
subsequently sequenced. This appreach allows the
detection of point mutations and other small
aberrations in the androgen receptor structure, which
may be the cause of androgen insensitivity. A similar
methodology has been successfully applied very
recently for the detection of point mutations in the
DHA-bindTng domain of the vitamin D receptor in
patients with hypocalcemic vitamin D-resistant
rickets [Hughes, Malloy, Kieback et al., 1988].
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A fulf length humuen androgen receptor (hAR) clMNA
wus constructed from cDNA and penomic clones.
Structurally the 10.6-kilobane (b} hAIL clINA consists
of a lony B -untrunsluted region (5°-UTK, 1.1 kb), u
previously described open rending frame (OItF, 2.7 kb)
¢Prapman, J., Kloossen, 12, Kuiper, G, G. J. M., van
der Xorput, J. A. G. M., Fuber, P. W., van Hooij, I1. C.
J., Geurts van Kessel, A., Voorhorst, M. M., Mulder,
&, und Brinkmunn, A. O. (1988} Biochem. Biophys.
Res, Commun. 163, 241-248; Faber, P. W., Kuiper,
G. G. J. M., van RRooij, 1. C. J., vun der Korput, J. A,
G. M, Brinkmunn, A. O, und Trapmun, J. (1989} Mol
Cell. Endocrinol, §1, 257-262), und o very lonyg 37—
untranslated region (37-UTI, 6.8 kb), The complete
6°- und 3°-UTRs wero found to be encoded by the
previously reported first and eight protein coding ex-
ons of the hAR gene, respectively (Kuiper, G. G, J. M.,
Fuber, . W., van Rooij, I. C. J., van dor Xorput, J.
A. G, M., Ris-Swalpers, C., Kinagsen, I*., Tropman, J.,
and Brinkmann, A, O. (1989) J. Mel. Endocrinol. 2,
R1-R4}, Two mujor sites of transeription initiation
were identified in o 13-bose pair region. DNA [rag-
ments spanning these transeription initiation sites con-
ferred promoter nctivity upon a promoterless chlor-
omphenicol neetylirunsferase reporter yene construet.
Two equally effective, functionul polywdenylution sig-
nals (ATTAAA und CATAAA) ot u mutual distance of
221 baso pairs were detected. The AT PAAA hexamer
scquence guve rise to multiple sites of poly{A) addition,
whercus only one position was used following the CA-
TAAA hexamer. In LNCal®* prostatic eureinoma ¢elly
an alternutively spliced hAR mRNA specics was iden-
tified which lacks 3 kb of the 3°-UTH.

The process of cell growth and differentintion reguires the
intricate intespluy of many factors involved in the regulation
of gene trunseriplion. Among these sre the members of the
recently identified slercid/thyreid hormone/retinoic agid
receptor femily, which function in response Lo Linding of the
corresponding ligand as transeription lactory of specilic terget
genes (reviewed in Refs. 1-4).

" This work wan supported by a gront from the Tuteh Cuncer
Sucialy (t0 K. W. F.). "The costs of publicution of this article were
defruyed in purt by the puyment of page chusges. This article muxt
1herofore be hereby marcked “advertisvment™ in hecordunge with 13
1.8.C. Section 174 solely Lo Talicate this fuct,

The nuclyotide sequencels) repurted in this paper haxs beer submitted
to ithe Genltani™(EMBL Late Bank with accession aumber(s)
MUGEISL and MEISUS,

§To whont corresponcdence shpuld be addoessed. Telz D110-
SU8TU56; Pux: H1T0-1088152.

The androgen receplor (ALRY is o member of this receptor
[omnily and medistes the physiological reyponse to testosterone
and diliydrotestosterone. [L plays 1 major role in the process
of male sexunl development and naintenance of male sex
churucteristics (see, lor reviews, Refs, 5-7). Little is known
about, the regulation of AL expression, apart [eom the obser-
valion that moderale ot low luvels of AR expression are found
inmany Gssues and high expression s observed in cells of the
male urogenital system {5), In addition, it has been reported
that androgens sre uble 1o down-repgulute Lthe expression of
AR mRNA (8). Defects in uman AR (hAR) expression and/
ur function are known o be involved in the androgen insen-
sitivity syndrome (7, 9-11). They may also play a role in the
progressive growth of human prostatic tumors (12). Therelore,
identilicution of the hAR Lrunseription unit and of elementa
which regulate BAR vrapseription, hAR mIiRNA processing,
ond trueslation are of high interest.

The prinuary structure ¢f the bAR has been deduced from
¢DNA sequences {(13-19). The hAR contuind the domain
slracture (Lrans-uctivating, DNA-binding, and ligand-bind-
ing} charscleristic of the members of the steroid receptor
family, The hAR iz encoded by a single copy gene which is
ioculized on the X-chromosome (14, 15}, The information for
the protein-eoding purt of the gene is separated over eight
exons (11, 20). “The lurge N-lerminal domain is encoded by
exon 1, the two zine fingers of the DNA-binding domain are
encoded separotely by exons 2 and 3 und the information for
the lignnd-bipding domain is split over exons 4=-8. In the
LNCal* prostatic curcinoma eell line two major hAR mRNA
specics of 8.5 und 11 kb have beer identified (15).

In the present study we characterize the complete hAR
cDNA. Two [unctivnal polyadenylation signals and the origin
of the 8.5-kib mRNA species ore revealed. In addition, we
identify the transcriplion inilistion sites of the hAR gene.

MATEKRIALS AND METHODS AND RESULTS®

Tdentificativn of Transeription Initiation Sites of the hAR
Gene—In order Lo (ind cut the presumed loculization of the
trangeriplion initistion site{s) of the hAR gene in the genemic
frogment as presented in Fig. 2, several experimental ap-
nrosches were applied, A 51 nuclease prolection experiment
wiy porformed using an anli-sense single-stranded DNA

! The ubbreviations wsed sre: DAK, human andeogen receptor; kb,
kitohase; CAT, ebloramplienicol acetyltrnnaferase; pENH, pCAT-
enhancer expression pliamid; PCK, polymerase chain reaction,

? Fartuma of thin peper {including “Mnteriols ond Methods,” part
of “Results,” “Discussion,” amd Figs. 1, 2, 4, and 6} and are prosented
i miniprint ut the end of Lhis paper, Miniprint is esaily read with
the nid of o wlondurd magnifying glws. Full wize photocopies are
included in the imicroliln edition of We Juurnal Lhal B available from
Waverly Pren.
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probe (G-BseH11, Fig. 3A4) and LNCAP total RNA. RNA from
foreskin fibroblasts from an androgen ingensitivity syndreme
individual lacking the complete BAR gene served an & control,
The results of the experiment sre shown in Tig. 38 and
summarized in Fig. 2. Severnl protected lopments were iden-
tified, with the two most prominent signnls mapping in a 13-
base pair region between 1114 and 1126 nucleeolides in front
of the ATG translation initiation codon. Leas intense signals
were found in the more upatream region. One of the major
protected feagmenta mapped to a aplice acceptor comsensus
sequence. However, other (ragmenta did not, and no braneh
point sequence could be identified (Fig. 2). Primer extension
expetiments failed to provide proper signala which could be
due to the high G + C content of the 5'-untranslated cegion,

Subsequently, a functional assay was performed. A 0.75-kb
Sstl-Smal (—737 to +21) and a 1.1-kb Sstl-Poull (=737 to
+378) fragment (Fig. 3A), whith apan the petential transcrip-
tion initiation gites, were cloned in sense and anti-aenac

The RAR Transcription Unit

orientation in front of the CAT reporter gene in the promet-
erless pCAT-enhancer expression ploamid (pENH). Thia
gives rse to the constructs pENH1 and pENH revl for the
Sstl-Smal leagment and pENH2 and pENH rev2 for the Ss(l-
Poull (ragment (Fig, 4). All constructs were transiently ex-
preased in LNCaP cells. Controls included transfections with
pENH and pSVICAT. The reaults of the CAT assays are
shown in Fig. 4. Extracta from cells tranafected with pENH
gave o low hackground netivity. This nctivity was conaidernbly
incrensed by hoth pENHL and pEENH2, wherehy pENH2
elevates the CAT nctivity more than pENH1. This suggests
that, nlthouph pIENI{1 contnink &1l the sequencer necesanry
for prometer activity, additionnl sequences present in pENH2
can augment expreasion of the CAT reporter fene, Extrncts
[rom celis tranafected with the reverae constricts pENEH revl
and pENH rev2 were devoid of CAT agtivity. Importantly, o
S1 nucleare protection experiment using RNA iseinted from
CO8 colla tranafected with pENH2 rovenled the snme tron-

Fit. 3. Determination of the tranacription injtintion aites of the hARR gene by S1 nuclenre mapping.
A, partinl rentriction map of Gm20 from which an 1.3-kb Setl-Pstl Iragment ia shown in more detnil. The position
of primem F, G, H, and | and the ningle ateanded DNA prehe G-AssHII ia indieated. The black trinngle marks the
ntart of the YAR ¢DNA. H, HindI1L, P, Pstl, Mo, Poull, 8, Satl, Sm. Smal. B, &1 nuclense mapping of hAR mIINA
with the single stranded probe G-BssHIL Lane 1, prebe; fgne 2, S1 nnnlysin of contrel RNA; Jane 3, 81 snnlynia of
LNCaP RNA. A requence Lndder prepared with primer G wan man alanggde the S1 nuclense mapping prodects,
‘The end points of the mnjor pratected fragments are indieated with an asferisk alongaide thin seguence Indder.
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The haR Transeription Unit

seription fnitiation sites us identilied for LNCaP BAR mRNA
(datn pol shown),

Locatization of the Poiyedenylation Signals of the hAR
mRNA—Because the sereening of oligoldT)-primed ¢DNA
libruries had fuiled to identify hAR ¢DNA clones primed on
the BAR mRNA poly(A) tuil, un anchorage-PCR experiment
was performed (33), Poly(A)" RNA, which was isclated from
LNCal* cellg, was transcribed inlo first strand cDNA with the
primer T12-X, frown which the T12 sequence should prime on
poly(A) stretehes and from which the X sequence, that con-
tuins several restriclion sites, strves as u PCR aduplor. The
first ssrond cDNA prepuration was then amplilied using the
primers X and A (Fig. 5A). Primer A was chosen just down-
stream from the AAAAAAAAGAAAAAAAAAATTAAAAA
acquence (on which the various clones iscluted from an
oligo(dT)-primed ¢DNA librury were primed; see Fig. 1) to
prevent smplification of ¢DNAs originuting [rom this se-
quence, Controls included PCR renctions with (irst slrand
¢DNA preparations from which reverse trunseriplase had
Leen omilted. Analysis of Southern blots of PCR products,
which were hybridized to probe 7 ([ig. 54), resulted in the
identifieation of two DNA frugments of 400 bage pairs (Altnt)
and 650 Luse puirs (ARp2), respectively (Fig. 5, A and 8,
summarized in Fig. 1). ARpl und ARp2 were sequenced and
compared 10 the genomic yequence of clone Gmnl00 (Fip. 6},
Both feagments ended In long pely(A) taila which were pre-
ceded by the polyadenylotion signola ATTAAA (ARp1) und
CATAAA (ARp2). Interestingly, the three ARpI clones that
were sequenced showed puly(A) addition at three differeat

A TACAG TGA

R

R
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petitions (14, 15, und 24 nucleotides following the polyade-
nylation signal), whereas the lwo ARpZ clenes sequanced
showed poly(A) addition at u single position (16 nucleotides
followiny the polyudenylation signal). Both ajtes of poly(A)
additivn are fellowed by G + T-rich segments in the genomie
sequence {Fig. 6). Sununorizing, the duta oblained demon-
strule thul the complete LAR 37 -untransluiled region has a
length of 6.8 kb und iy contained in exon 8 of the hAR gene,
which aluo encedes the last segment of the open reading frame
{Fig, 1 und Rel. 20},

Identification of an Alterratively Spliced hAR mRENA—hAR
¢DNA und enomic probos were used in Northern blot analy-
sis to identily the noature of the 4.7-, 8.5-, and 11-kb hAR
miNAs (15), Fig. 78 shows the results of a representative
experiment in which fragments 2, 3, 6, and 6 (Fig. 74) were
used us hybridization probes. In contrast to previous studies,
the minor 4.7-kb mIINA species was not detecied in the RNA
preparations, indicating thal it maoy represent a degradation
product of the 0ther two mRNAs. The two mRNAs of 8.5 and
11 kb were clearly visunlized by probea 2, 3, and 6, whereas
prube § only detected the 11-kb mRNA. ‘These findings sug-
gest that the 8.5-kb mRNA differs from the 11-kb mRNA by
the nbyence of part of the hAR mRINA 37-untranslated region.
Thw precise origin of Lhe 8.5-kb mRINA wos determined in a
reverse Loungeriplase-PCR experiment, LNCaP  poly(a)*
RNA wax transcribed into firat strand cDNA using primers B
and C (Fig. 7A). The fimt strand ¢cDNA preparations were
subsequently amplified using the primer combinations B/C
und 13/E or the combinations C/D and C/E. Centrols included

Fit. & Determination of the hAIL
mRNA polyndenylation sites by an-
choruge-PCIL. A, restriction mop of
Gml60, frem which an L5-kb Psl-
BamH] fragment {s shown in more de-
ol The sequence AGAJTTA, murks
the end of clone hP-BA (Fig, 1). The
poition of primer A and hybridization
probe 7 are indicated. &, BumHl; P, Pstl;
K, KcoRl. B, sutorsdiogruph of Southern
IHot sanlysiz of the PCK products, hy-
Lyridized with probe 7. Lane !, firsl strund
cDNA prepuration with reverse Lzsa-
seriptase (BT lene 2, Diral steand cDNA
prepuration without reverse transcrip-
Lauo,
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Fig. 7. Northern blot analyrir of hRAR mRNAs and determination of the origin of the 8.65-kb hAR
mRNA specica. A, partin! reatriction map of the complete hAR cDINA. The ponitiona of probes 2, 3. 4, §, and 6
ore indicated by horizontal bors. “The poritinns of the primera wsed in the PCR experiment Lo identily the nature
of the 8.6-kly hAR mHANA are indicnted by arroms, A, Asp-Ti&: B, Remlll: K, Hindll: R, EepR{; S, Sstl; St, Stel.
B, nutnradiogeaph of a Northern blot of LNCa!® noly(A)” RNA hybridized with probes 2, 3, 5 and 6. £, DNA
Irngmenta produced after amplification of n firat slrand ¢[INA preparation ayntherized with either primer B or ¢
in the ahsence or presence of reverre transcripinge (77 were neparaled on agnrore gels and blotted onto a
nitrocelluloae filter. An sutoradiograph of the blot hybridized to prohe 4 in shown, The primer comhinationn nnd
the presence or absence of reverse tranrerinlaee are indiented at the Lop of Lhe lane.

amplifications with first strand ¢cDNA preparntions rom
which reverse tronacriptose had heen omitted. Hybridization
of Southern blots of the PCR products with probe 4 (Fig. 74)
renulted in the identification of one amplified fragment of
1640 bp (ARapl} generated by the primer combination B/E
(Fig. 7C). All other primer combinations were negative. Hy-
biidization of the blot to the 1.2-kb Pstl-Pstl [ragment in
which primer B is situnted gave an identical result (data not
ghown). The sequence of clone ARspl was determined and
compared to the sequence of the full length hAR ¢DINA" The
compnrison showed ¢lone ARspl to be identical to the [ull
length hAR cDNA up o nucfeotide +5650 alter which clone
ARspl continuen with nucleotide +8685. As the fequence
surrounding pesition +5650 (CTG(+5650)/GTGAG) and
+8685 (CTTTAACTTTCTCTGCATCTTTATATTTTGG-
TTCCAG/A(+8685)TCA) conforma to the conrensua aplice

**The complete nequence of the human andropen receptor cDNA
together with portione of the 5°+ and 3”-fnnking genomic sequences
will be presented elsewhere,

10)

donar and acceplor sites, the deletion of 3-kb of hAR mRNA
3’ -untransinted region muat be caused by an alternative splice
event (in tho splice neceptor sequence the potential hranch
paint sequence is underlined).
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Suppiementary material to

CHARACTERIZATION OF THE TRANSCRIPTION UNIT OF THE HUMAN ANDROGEN
RECEPTOR GENE

Peter W. Faber, Henri C.J. van Rooij, Hetty A.G.M. van der Korput, Willy M. Baarends,
Albert Q. Brinkmann, J. Anton Grootegoed and Jan Trapman.

MATERIALS AND METHQDS
cDNA and genomic DNA libraries

Random primed T47D mammary turnor cDNA libraries were kind gifts of Dr. Milgrom {Paris). The oligol(dT}
primed prostate and testis ¢cDNA libraries were purchased from Clontech (Palo Alto, CA). The human genomic
DNA library was provided by Dr. Grosveld {Rottardam)}. The libraries were plated, transferred tc nitrocellulose

filters (Schloicher & Schusll, Dassell, FRG} and hybridized to **P-labelled DNA probes according to standard
procadures (21-23).

Isolation and chargcterisation of cONA and gengrmic DNA clones

Positive phages waere plague-purified by three rounds of purification. Al experiments concerning the
isolation, subcloning and characterization of phage DNA inserts by restriction mapping and Southern blot
hybridization were perfermed by standard procedures (21-23). Soquence analysis was done by the dideoxy
chain termination method (24) on hoth strands of fragments, which were subcloned in M13mp18/19, using
T7 polymerase (Pharmacia, Uppsala, Sweden). When nacessary, (G +C)-rich regions were sequenced by the
chemical cleavage method (25).

RNA preparation and Northern blot analysis

Total cellular RNA was isolated by the guanidinium thiccyanate method {26). Poly(A)l* RNA was prepared
by oligo(dT) affinity chromatography. For Northern blot analysis, glyoxal denatured poly{A)” RNA was
separatad on agarose gels and blotted onto nylon membranes (GeneScreen, NEN, Boston). Hybridizations with
32p_lgbelled probes were carried cut at 42 °C in 50% formamide under standard conditions.

Si-nuclease protection experiments

A single stranded DNA probe was prepared using primer G (see Fig. 3A). This primer was end-labelled,
using **P-ATP and T4 polynuclectide kinase {Gibco BRL, Grand Island, NY) and annealed 1o a single stranded
M13 phage conhtaining the 7.1 kb Sstl-Puull fragment (Fig. 3A). After elengation by Klenow DNA polymerase
{Pharmacia) and digestion with BssHIl, the resulting single stranded probe was isolated from a 6%
polyacrylamide gel. Approximately 1x10°% cpm of probe was annesled to 20-30 ug total RNA (from LNCaP
ceils) in 80% formamide, 4Q mM Pipes (pH=8.5), 0.4 M NaCl and 1 mM EDTA overnight at 55 °C. $1-
nuclease [(Beehringer, Mannheim, FRG) digestions were carried out for 1 h at 37 °C and the resulting
protacted fragments were analysed on a 6% polyacrylamida gel (27}.

DNA amplification

Oligonuclactides were synthesized on an Applied Biosystems 381A DNA synthesizer. Amplification by the
Polymerase Chain Reaction (PCR} (28) was performed in 100 ul reaction mixtures containing 1 ug of genomic
DNA, or 2% of the first strand ¢cDNA preparation, using 2U TAQ pelymerase (Prormega, Madison, WI) under
conditions as described by the manufacturer. For first strand c¢DNA. preparations, 5 ug total RNA or 1 ug
poly(Al* RNA was annealed to 100 ng of the appropriate primer and ¢DNA synthesis was carried out using
AMV reverse transcriptase according to a standard protocol (Promegal. Amplification was performed in a
Bioexcellence DNA incubator during 24 cycles (genomic DNA) or 30 cycles (cDNA). Standard conditions
wore: denaturation for 1 min at 85 °C, annealing for 2 min at 60 °C and extension for 1-5 min at 70 °C. The
amplification products were recovered after chloroform/isoamylalcchol extraction, elactrepharesed on 1-1.5%
agarose gels and blotted onto nitrocellulose filters for hybridization. For iselation and subcloning the products
ware extracted with phenol/chlorofarm and ethanol precipitated. The oligonucleotides used were:
A: B-GCTTTCCTCTAGACTGGAAC3’ (sense, + 10046 to +100865),
B: 5'-CTGCCTTCACCTAGAAATG-3" (anti-sense, +9363 10 +9345},
C: 5-TCTGCCTTCAACTGCAGATAAC-3" (anti-sense, +8536 to +8515),
D: 5-CCATCTGGTGAGTTTACTC-3' (sense, +5644 1o +5862),
E: 5 -CCATTTGGATCCAGGTCTGCT-3' (sense, +4901 10 +4921),
F: 5*-TGCAAGAGGBCGTTGGCTGT-3" (anti-sense +171 to +188),
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G: B-TGTACAGCACTGGAGCGGCTA-3 (anti-sense, +106 to +125),
H: B'- GAGCCAGCTTGCTGGGAGA-3' (sense +25 1o +43),

I: 5- TCTCCAAAGCCACTAGGCAG-3' (sense ~133 to -152),

T12-X: 8TTTTTTTTTTTTGGATCCGBAATTCECATGC-2",

X: B'-GGATCCGAATTCGCATGC-28".

CAT reporter gene constructs

The 1.1 kb Ssti-Pvull {-737 10 +378) and the 0.75 kb Sstl-Smal {-737 to +21) fragment ware isclated
from Gm 20 (Fig. 3A). The 8s1l site was blunt-ended using T4 polymerase (Promega). The fragments were
eloned in the blunt-ended Hindlll site of the promoterless pCAT-Enhancer plasmid (Promega).

Transfection assay

Four days prior to transfection, 2-3x10° LNCaP cells were seeded into € cm dishes. Culture rmedium was
Dulbecco’s-MEM  supplemented with 5% fotal calf serum and antibiotics, Approximately 40% cenfluent cell
cultures were transfected by the calcium phosphate precipitation method (29). Per culture dish, 10 ug of DNA
{5 ug CAT reporter gene construct and 5 ug carriar DNA [pTZ, Pharmacia]l} was used. All experiments were
performed in duplicate with two different plasmid iselations. in part of the experiments, the pCH110 bote-
galactosidase expression plasmid (Fharmacia) was co-transfocted as an internal control, Call extracts ware
prepared 48 h following the transfection and the CAT assays waere done essentially as described {30). For
quantification butyryl CoA was used, which allows a direct counting of the butyrylated chloramphenical {31).

RESULTS
Characterization of hAR cDNA clones

Previously we have described the isolation of a ¢cDNA clone (FAZM27) {158} and 2
genomic DNA fragment (Gm 20) (18) from which the hAR open reading frame (ORF)} of
2730 nucleotides was deduced (Fig.1). The ¢DNA clone 7A2ZM27 contains the
information for the DNA-binding and ligand-binding domains, and the genomic DNA
cione Gm 20 contains hAR exon 1, which encodes the complete N-terminal domain of
the receptor and partly overlaps with 7A2ZM27 (Fig. 1 and Refs 15,18). A genomic Pstl-
Pstl fragment (probe 2}, spanning the ATG translation initiation codon, and an EcoRl-
EcoRl cDNA fragment {(probe 3) were used to screen random primed T47D cDNA
libraries for overlapping cDNA clones. Whereas no additional clones could be identified
using probe 2, several were found by screening the libraries with probe 3. The longest
clone isolated {2-4-1} with a size of approximately 4kb is depicted in Fig.1. Rescreening
the libraries with a 3’ situated fragment of clone 2-4-1 (Stul-EcoR!, probe 5} resulted in
the isolation of clone 0.3A, which also has 2 size of about 4kb. Together clones 2-4-1
and 0.3A span over B8kb of the 3'-untranslated region (UTR) of the hAR cDNA, A
comparison of the cDNA restriction map to that of a genomic fragment {Gm 100),
which contains the last protein coding exon (exon 8), showed the maps to be
completely identical {see Fig.1 and Ref. 20).

Subsequently, oligo(dT} primed cDNA libraries were screened using probes 3, 5 and
6, the latter is a 3’ situated fragment (Pvull-EcoRl} of clone 0.3A. Hvybridization with
probes 3 and 6 resulted in the identification of several cDNA clones, whereas no clones
could be detected using probe 5. The set of clones detected by probe 3 originated from
a position just downstream from the ORF, at which point an A-rich region has been
reported in the rat AR (rAR) mRNA (32). Sequence analysis of clone 2-4-1 confirmed
the presence of a similar stretch of A-residues in the hAR mRNA (data not shown).
Subsequent structural analysis of the ¢cDNA clones obtained by hybridization with probe
3 showed all of them to be primed in this A-rich region. The ¢cDNA clones detected by
probe &, of which clone hP-5A is given as an example (Fig. 1), originated from a point
just downstreamn of the 3’ end of clone 0.3A. Sequence analysis showed all of these
clones to have a short stretch of A residues at their 3° end at the same position,
however, no polyadenylation signal could be identified. Structural analysis of the

63



corresponding genomic DNA region from clone Gm 100 demonstrated the presence of
the sequence AAAAAAAAGAAAAAAAAAATTAAAAA at the precise point of the short
poly(A) stretches in the cDMNAs. Therefore, all cDNA clones isclated from oligo(dT)
primed cDNA libraries were found to be primed on poly(A) stretches present in the hAR
gene. Library screening with a genomic DNA fragment from clone Gm 100 {Xbal-Pstl,
probe 7) failed to identify any additional cDNA clones.
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FIGURE 1: Partial restriction map of the complete hAR cDNA. The 2730 bp ORF is shown a8 a box in which
the black and hatched areas represent the DNA-binding and ligand-binding domain, respectively.
Above the cDNA a 7 kb Hindill-Hindlll genomic DNA fragrment (Gm 20) and a 9 kb EcoRI-[Sall)
genormic DNA fragment [Gm 100) (20), which contain the complete first and last exons of the
hAR transcription unit, respectively, are shown. The exons are boxed and the positions of the
translation initiation {ATG) and termination {TGA) codons as well as the splice donor (GTAAG)
and acceptor (TACAG) sequences at the ond of exen 1 and the beginning of exon 8 are indicated
[see Refs 15,18,20). Arrows ropresent transcription initiatton  sites in case of Gm 20 and sites of
polyadenylation in case of Gm 100 (seo text). Under the ¢cDNA the positions of several
hybridization probes are given (1 to 7) as well as the cDNA clones representing the 3°-UTR of the
hAR mRNA, A=Asp¥18, B=BamH|, H=Hindlll, P=Pstl, R=_EcoRl, 5=Sstl, 5t=Stul

Seguence of the region spanning the transcription initiation sites of the hAR gene

Both hAR and rAR cDNA clones containing part of the 5-UTR, with lengths of 531
and 993 nucleotides respectively, have been reported (16, 32). The genomic DNA
sequence of clone Gm20 (Fig. 1} upstream from the ATG initiation codon was
determined and compared to the rAR cDNA sequence. A strong homology (>70%) was
observed up to position 1112 in the human genomic sequence. Part of this sequence
surrounding the begin point of the rAR cDNA is given in Fig. 2. The difference in length
is due to several gaps in the rat sequence. The presence of this sequence in the hAR
mRNA was confirmed in a PCR experiment, in which the region between primers G and
H (Figs 2 and 3A) was sequenced after amplification from a first strand cDNA
preparation, made with primer F and LNCaP total RNA (data not shown). No PCR
product could be produced from a first strand cDNA preparation from which reverse
transcriptase {RT) had been omitted and in the same experiment no PCR product could
be obtained using the primers G and [ {Figs 2 and 3A)}, suggesting the presence of either
an intron/exon boundary or the hAR gene promoter in this region. MHowever, the region
lacked well known promoter elements (TATA and CAAT-boxes or G+ C-rich) and splice
acceptor/branchpoint sequences.
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~180 CCTCGCCCACGCTGCGCCAGCACTTGTTTCTCCAAAGCCACTAGGCAGGCGTTAGCGCGC

=120 GGIGAGGGGAGGGGAGAAAAGGABAGGEGAGGGCCAGGGAAARGGAGETCCGARAGGCARGE

60 AGGLCGEECCCECTOGECEECEGGACCCCACTCGCARACTCTTGCATTTGCTCTCCACCTLC
H S,
1 E}:\CiCGCCCCCTgEGAGiTCCCGGGGAGCCAGCTTGCTGGGAGAGCGGGACGGTCCGGAGC

o
61 AAGCCCAGAGGCAGAGGAGGCGACAGAGGGARAMAGGECCGAGCTAGCCECTCCAGTGCT
G

ROV, -
+121 GTACAGGAGCCGAAGGGACCCACCACGCCAGLCCCAGCCCGGCTCCAGCGACAGCCAACE
F

+181 CCTCTTGCAGCGLUGGCEGGCTTCGRAAGCCGCCGCCCGEAGCTGCCCTTTCCTCTTCGGTGA

FIGURE 2: Sequence of the region spanning the hAR gene transcription initiation sites. Shown is the

sequence from position -+ 240 to -180 {see text!. The major transcription initiation sites (see 1ext)
are indicated with dots. Arrows represent primers used in RT-PCR experiments. The position of
the closed triangle marks the start of the rAR cDNA sequence. Two putative promaoter alements,
the consensus Sp1 binding site (-40 to -45) and the homopurine stretch (-58 10 -117) are
underlined and double underlined, rospectively.
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FIGURE 4: Functional activity of the hAR gene promoter, On the left hand side the constructs used in the

transfection are shown. pENH is the pCAT-Enhancer plasmid. pENM 1 (Sstl-Pvull), pENH rov
Pvuli-Sstl), pENH 2 {Sstl-Smal) and pENH rev2 (Smal-Sstl} are the four hAR gene promoter
construets of which the inserts are shown. The open part of the horizontal bar represents 57
flanking sequence and the closed part of the bar reprasents 5-UTR sequence. On the right hand
side the autoradiograph of the products of the CAT assay, separated by thin layer
chromatography, are shown. Direct counting of the butyrylated chloramphenicol resulted in the
relative CAT activities presented.
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CACGGTGGGACTTGGCCTCCACTGGECAGCAGGACCAGCTCCAAGCGCTAGTEGTTCTGYT +10335
CTCTTTTTGTAATCTTGCAATCTTTTGTTGCTCTAAATACAATTAARARTGGCAGAAACT +10395

TETTTGTTGGACTACATGTGTGACTTIGEGTCTGTCTCTGCCTCTGCTTTCAGAAATGTC +10455

ATCCATTGAGTAAAATATTGGCTTACTGGTCTGCCAGCTARAACTTGGCCACATCCCCTG +10513
TTATGGCTCCAGGATCGCAGTTATTGTTAACAAAGAGACCCAAGAAAAGCTGCTAATGTCC +10575

TCTTATCATTGTTGTITAATTTCTTAAAACATAAAGAAATCTARAATTTCAGATCAATGTC

ATCAGAGTTCTTTITAATTAGCTCT TTTTATTGGCAGTTITTIATTCARGTCAAGAGTTGGT

FIGURE 7: Sequence of the genomic region surrounding the two polyadenylation signals of the hAR mRNA.
Numbering of the nucleotides is relative to the transeription initiaticn sites. The two
polyadenylation signals at positions + 10377 (ATTAAA] and + 10604 (CATAAA) ara double
underlined. The actual sites of poly(A} addition are indicated with dots and the TG-boxes
following the polyadenylatien signals aro underlined.

DISCUSSION

The present study concerns the isolation and characterization of the complete
transcription unit and the promoter region of the hAR gene. A full lenght hAR cDNA of
10.6 kb was constructed from cDNA and genomic clones. In addition to the previously
reported 2.7 kb ORF this cDNA consists of & long 5’-UTR (1.1 kb) and a very long 3'-
UTRs (8.8 kb) that were encoded by the protein coding exons 1 and 8 {this study and
Ref. 20). This fixes the number of exons in the hAR gene to eight. A comparison of the
hAR gene to the human estrogen receptor (hER) (34) and chicken progesterone receptor
(cPR) (35,38) gene shows the three genes to be similarly organized. All these genes
contain eight exons with conserved intron/exon boundaries; the complete 5°-UTR is in
exon 1 and the 3-UTR is in exon 8. The intron/exon junctions are less conserved when
compared t0 genes encoding more distant members of the same receptor family, such
as the chicken c-erb-Afthyroid hormone receptor (37} and the human vitamin D3
receptor (38). This indicates an early divergence in evolution between the steroid
hormone receptors and other receptors of the same family.

The promoter region of the hAR gene does not foliow the most common rules of
promoter structure. Two major transcription initiation sites were identified in a 13 bp
region. The sequence upstream from these transcripticn initiation sites does not contain
the classical TATA and CCAAT box elements. Neither does the sequence surrounding
the transcription initiation sites conform 1o the recently identified "initiator™ sequence
{39) nor to the "HIP1" sequence {40), found around the transcription Initiation sites of
several (G+C)-rich promoters. The most notable features of the hAR gene promoter are
a short stretch of G and C residues containing one consensus Sp1 binding site and a
homopurine stretch of 60 bp containing several GGGGA and GGGA sequence motifs.
These elements are also present in the recently identified rAR gene promoter (41).

A comparison of the promoter region of the hAR gene to that of the hER and c¢PR
genes shows these three promoters 1o be completely different {35,36,42). The
promoter of the hER gene contains TATA and CCAAT hox elements, whereas the
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promoter of the cPR has a large (G+C)-rich region, surrounding the transcription
initiation sites. Similar to the hAR promoter, in the human PR B and rabbit PR promoter
regions canonical TATA and CCAAT boxes are absent {43,44). However, exciuding a
Sp1 binding site, there is no obvious homology with the hAR promoter. These
comparisons indicate that if the steroid hormone receptor genes originate from one
primordial gene, the receptors must have adapted to different expression and
functioning by a rapid divergence of the first exons and the attached promoter regions.
Alternatively there was no primordial gene and the individual genes originated from a
fusion event of one set of exons encoding the DNA-binding and ligand-binding domains
to a number of different exons, supplying the information for the both NH.,-terminal
dormains of the receptors and the promgter regions.

The untranslated regions of the hAR mRNA (5°-UTR= 1.1 kb and 3’-UTR= 6.8 kb)
are remarkably long. The 5-UTR even is one of the longest of any gene published so
far. Untranslated regions have been implicated both in control of mRNA transcription,
translation and processing. S0 far our experiments indicate the involvement of the 5’-
UTR in either control of transcription or translation. The precise nature of this effect is
being investigated at present. The 3'-UTR is the longest of all steroid hormone receptor
mRNAs although they all are characterized by long 3'-UTRs (34,43,45,486). As vet no
studies regarding their role have been performed. Two equally effective functional
polyadenylation signals ATTAAA (+10377) and CATAAA (+10604) direct poly(A)

. addition to the hAR mRNA. Although peolyadenylation usually takes place at a single
nucleotide following the polyadenylation signal, three different sites were used follwing
the ATTAAA hexamer sequence. A similar heterogeneity in poly(A) addition has
previously only been reported for the bovine prolactin (47) and mouse ribosomal L30
{48) RNAs, where an AATAAA polyadenylation signal was followed by poly(A) addition
at several sites in a 12-14 bp region. In case of the hepatitis B surface antigen {48} a
TATAAA polyadenylation signal directed polyadenylation at positions 13, 14 and 20
following the polyadenylation signal. Although the precise structural requiremeants which
are responsible for the heterogeneity of poly(A) addition sites are unknown, a possible
explanation could stem from the inadequacy of the ATTAAA which then results in both
the observed scattering of poly{A) addition sites as well as the use of a second
immediately downstream located polyadenylation signal with the same frequency.
However, for some reason this region must have a selective advantage to direct poly(A)
addition to the hAR mRNA as similar signals were also identified in other parts of the 3'-
UTR but were not functional,

The alternative splice event which deletes approximately 3 kb of the hAR mRNA 3'-
UTR explains the nature of the 8.5 kb hAR mRNA that was reported in RNA
preparations from LNCaP prostatic carcinoma cells (15). A hAR mRNA of 7 kb has also
been reported from human protatic tissue in conjunction with a 10 kb full length hAR
mRNA (14). We consider it to be guite well possible that the 7/8.5 kb hAR mRNAs are
identical. All reports dealing with AR mRNAs from other than human scources only
mention a2 10 kb mRNA [rat {(14,33,50), mouse (14)]. Whether or not this alternatively
spliced hAR mRNA is present in all tissues in which the hAR is expressed, and whether
the splicing event influences the stability or the transiation efficiency of the transcript
remains to be investigated.

In summary, we have defined the complete transcription unit of the hAR. Several
potentially regulatory elements/events which could influence hAR expression, hAR
mRNA translation and processing were identified. Further detailed znalysis of the
regulation of hAR expression will contribute to the elucidation of the role of the AR in
normal and abnormal male sexual development and differentiation.
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Functional anzlysis of the profein and characterization of the gene

Peter W. FABER.* Audrey KING.® Tenri C. 1. van ROOLL* Albert Q. BRINKMANN, ¥ Nico J. i BOTIH"

and Jan TRAPMAN®

Departments of *Pathology and tBiochemistry 11, Erasmus University, PO, Box 1738, 3060 PR Retterdam, The Netherlands

Screcning & mouse genomic DNA libracy with human androgen-receptor (hAR) eDNA probes resulied in the isolalion
and charnclerizntion of eight genomic frngments that contain the eight exons of the mousc ardrogensreceplor {mAR)
gene. On the basis of similarity Lo the hAR gene, the nucleotide sequences of the protein-coding parls of (he exons as well
ax the sequences of the intronfexon boundarics were delermined. An apen rending frame (ORF) of 2697 nucleolides,
which ean encode an 899-nmino-acid protein, coukl! be predicled. The structure of the mAR QRF was confirmed by
scquenee analysis of mAR eDNA [ragments. which were obtained by PCR amplilication of mouse testis ¢DNA, using
mAR spegifie primers, A eikaryotic mA R cxpression vector was constructed and mAR was transiently expressed in COS-
I ¢eellz. The expressed protein was shown by Weslern biotiing 16 be identicnl in size with the native mAR. Co-transfection
of Hela cells with the mAR expression plasmid and an androgen-respongsive chiloramphenicol acetyltransferase (CAT)
reporter-gene construct showed mAR ta be able to frans-activate the androgen-responsive promoter in a ligand-dependent
manner. Transeription-initiation sites of 1he mAR gene were identified by S1-nucleasc pretection eaperimenls, and the
functional aclivity of the promaoter repion was determined by Lransient expression of mAR promoter-CAT-reporter-gene
constructs in 1lela cells. Structuzal analysis revenled the promoter of the mAR gene to he devoid of TATA/CCAAT
clements. In addition, the promeler region is nel remarkably (G +C)-rich. Polenlial promoter clements goasist of n
conscnsus Spl binding sequence and 1 homopurine stretch. The pelyadenylation sites of mAR mRNA were identified by

sequence similarity lo Lhe corresponding sites in the BAR mRNA.

INTRODUCTION

The andregen receplor {AR) is a (ranscription-regulating
prot¢in that plays a pivetal role in the propramming of male
sexual differentiation and developmenlt. Absence or mulation of
the X-chromesome-located AR gene can leul 1o complele
androgen-insensitivity, and the alfceied 46,.XY individua! dis-
plays the external phenolype of a female [1-71. Mutations in AR
arc also theuphi 1o be involved in less severe forms of aberrant
male sexual development,

Structurally and functionally AR belongs to the superfamily
of ligand-respansive transcriplion modificrs which encompasses
the recepiors for the steroid and thyroid hermoncs, retinoic acid,
vitamin 12, and several “orphan® receptors for which o lipand has
nol as yet been identificed [8-11]. The structural repions (hat these
receprlors bave in ¢ommon, namely n C-ierminal ligand-binding
domain, an internal DNA-binding domnin, consisting of two
Cys-Cys zing finger motils and an N-terminal hypervariable
* regulitory” domain, enable them to react te a hormonal stimulus
hy modulation of gene transeription threugh recognition of, and
binding to, harmonc-respansive clements (1IREs) located in the
conirol regions of larget genes,

The izelation of human AR (BAR) s m1 AR (rAR) cDNAs
112-17) and the clucidation of the structural organization of the
hAR gene [IR-20a) has provided imporiant toals 10 address
questions regarding AR Tanclion in Lhe androgen signal-trans-
duction pathway. In commen with the glucocorticoid receplor
and the progesierone receplor, the androgen recepior is able to
regulnic expression of n mousc-mammary-tumour-virus long-

terminal-repeat (MMTY LTR)-driven promoter, zlthough per-
haps less cfliciently [21-23]. This indicates that the DNA moatil
recognized by the AR s identieal with, or closely reliled Lo, Lhe
GRE and PRE consensus sequence GOTACANanTGTTCT.

In order to cxlend findings to different species, it is necessary
lo iselnte specics-specilic ools. Especinlly for detailed studics
in niro concerning moelecwlar and genctic mechanisms of AR
synthesis and function. inclading transgenic animals, and sludy
of the physiological cffeets of manipulation of (he AR gystem,
knowledpe of the mouse AR {(mAR) eysiem is of high importanee,

In the present sty we deseribe the characlerization of the
mAR gene and ¢DXNA. A mAR expression vector (panAR™) was
consiructed and npplied for (he Menctinnal charnelerization of
the mAR prolein. In addition, the prometer of the mAR pene is
structurslly unad funclionally charngierized.

MATERIALS ARD METIIQDS

Isalation and characterization of mAR genomic DNA cloncs

A mouse genomic DNA library in lambdn EMBLY 8P6/T7
waz purchased from Clonlech (Palo Allo, CA. U.S.A) The
library was plaled, transfereed Lo aitracclnlese filters (Schicicher
and Schiill, Dassel, Germany) and hybridized to »P-labelled
hAR ¢DNA probes {sce Fig. 2z belfow), according 1o slandard
procedures j24.25]. Pasitive phages were iselated by three rounds
of purificntion. All experiments concerning the isolation, sub-
cloning nnd characlerization of phage DNA inserts by restriction
mapping and Soulhern-blot hybridization were performed

Abhrevintions used: hAR, mAR and rAR: human, mouse and tal sndropen receptor; ORI, onen rending frame: CAT. chlorunphenicol
acetylimnxferase; 11RE, hormone-responsive element: MMTY, mouse mammary-lumeonr virus: MCS, multiple cloning site: MEM, minimal cssentinl
medium: GRIE/PRE, glucocorlicoid/progesicrone-respousive clement ; ¢PR, chicken progesierone receptor: hER, human oestrogen recepior: LTR,
long terminal repest: UTR, unirsnginlcd regiont SV4G, simian virus 40; PMSFE, phenylmethanesulphonyl Quoride: DTT, dithiothreitol.

These sequence dala have been submilted (o the TMBIL. GenBank and 12N Nucleolide Sequence [atabases under the accession nos, X50590
Imouse (1A) androgen-reeeptor cDNAJL X59591 [mouse (S-MAR) androgen-receptor cDNA and X359592 {mowse (S-MAR, 1SA. 15T, 1RAL 19A, 60,

3A, LA} androgen-receplor cPNAL
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Fig. 1, Partial restriction map of mAR cDNA

Indicated are the AR domain rtruciure a3 well as the three DNA fragments from which the ¢lJNA was constructed. Koy to restriction
endonuclenses: M, Hindl1l; N, Neol: P, Pxrlz R, £eoR1: 8, Ssrl. Arml-Armd nre mAR-specifle primess (see the text and Fig. 3).

according to siandard procedures [24.25]. Sequence nnnlysis was
done¢ by Lhe dideoxy-chain-termination mcthod on both DNA
strands using single-stranded MIImpiB/19 DNA prepartions
[26) and T7 polymerase {Pharmacia, Uppsala, Sweden).

RMNA preparation and S{-nu¢lease-protection experiments

Tolal ccllular RNA was isoluled by the guanidinium thio-
cyanate method {27]. For the SI-nuclease-protection assay a
0.6 kb ZeoRI-Hind111 double-stranded DNA [ragment (see Fig.
Sa below) was used as a probe. The feagment was eml-labelled
using T4 polynuclcotide kinase (Gibeo BRI, Grand Island, NY,
U.5.A, and approx. 1 x 10* c.p.m. of probe were annealed to
40 pg of RNA in 0%, formamide/40 mm-Pipes (pl1 6.51/0.4 m-
MaCl/! mm-EDTA  overnight at 35°C 28] Sl-nuclease
(Bochringer, Mannhgim, Germany) digestions were carricd out
for 1 h at 37°C, and the resulling pretected mgments were
analysed on a denaluring 6%, (w/v) polyzerylamide gel.
DNA amplification

Oligonucicotides were gynthesized on an Applicd Biosystems
IBIA DNA synthesizer. Amplification by the PCR [29] was
performed in 100 gl renclion mixiures contatning 2+, of a first-
strand cDWNA preparation, vsing 2 units of Tag DNA polymerase
(Promcga, Madison, Wi, US.A.) under the conditions deseribed
by (he manulacturer. For fisst-sirand c[INA prepneations, 100 ng
of the appropriate primer was anncaled to 5y of tnlal RMA,
and cDMNA synthesis was performed with avinn-mycloblastosis-
virus reverse {rahseriptase according 10 a standard protocol
{Promega), Ampliheation was perlormed Ina Hioczeellence DNA
incubalor for 30 cycles. Siandard conditiens were: denaluration
for 1 min at 93 °C, annealing for 2 min at 60 °C and extension for
1-5min al 70 *C. The amplificnfion pracucts were recovered
alier chloroform f3-methylhutan-1-ol extraction, clectrophoresed
Uirough [-1.5%,-(w/v)-agarase gels and blotted on nitroccllulose
filters Tor hybridization. Fer isolafion and subcloming, 1he
[ragments were extracled with phenolfchloraform and cthanol-
precipitaled. The oligenucleotides used (see Fig, 3) were!

amil: SSCAGAGAACTAGTGCAGAGTT-3
{anti-sense. 3309 -3328)

arm2: §-CACAGTCATCCCTGUTTC-3
(anli-sensc, 2062 2079)

arm3: 5. TTTGGACAGTACCAGGGACC-¥
(sense, 1747-1766)

amd: 5-AGTGCCAAGGAGTTGTGTAA-Y
(sense, 802-82D)
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Chloramphenicol acetyliransferase (CAT) reporter pene
constructs for analysis of promoler activity

The (.5 kb Perd-{ind1il and the 1.3 kb PsrT-Psr] genomic
DNA fragmenls were isolsted from 2 subclored 1.5kb
EcoRl--FiceRT frapment (sec Fig. S5a below). The Pul Pul
fragment was cloncd in both erienlations in the Pl site of the
multiple cloning site (MCS} of the promoteriess pCAT-Fnhancer
plasmid (Promega: referred 10 as " pmAR-CAT-07). This reculted
in the construction of pmAR-CAT.] and pmAR-CAT-1 rev
(reverse) respectively. The 0.5 kb Perl-ffindlll (blunt-ended)
fragment was cloned in a Psri-Aeel (blunkended) pCAT-
Enhancer vector, and in pCAT-Enhancer (Psri-/indIlh.
resulting in the construction of pmAR-CAT-2 and pmAR-CAT-
2 rev, which contain the [agment in the nermal and reverse
orlentation respectively,

Construction of {he mAR expression plasmid pmAR®

Using penomic DNA  fragmentz, and cDNA  [ragments
obtnincd by PCR amplification 2 mAR c¢xpression plasmid,
containing the complete mAR ORIZ, was constructed. A partial
restriction map of the mAR cINA, together with the three
fragmenis fram which it was derived, is presented in Fig. 1.
Frogment A (FcoR[-Neel) was derived from the 2 kb
EcoR1-FeaRl genomic DNA fragment that containg the protein-
codingregion of exon | (fee Fig. Sabelow), whereas ihe fragments
B {(Neal-2lind T} and C [Hind H1-¥-untranstaied region (UTR)]
originated from reversc-Lranscriplase PCR using n first-strand
cDNA preparmation made wilh primer arm| (Fig. 3 below) and
mouse leslis RNA, The fragmenis were produced hy PCR with
the primer combinations arm1 and arm3 (C) aond arm2 and armd
(B} respectively. The cIXNA consiruct was prepared in x pGEM
veelor and complelely sequenced. A mAR expression veelor was
constructed using the ¢<DNA conlaining the complele mAR
ORF, (he simian-virug-40 (SV40) carly promoler and (he rabbit
f-globin polyadenylation signal [21]. The resuliing veclor is
referred lo as "pmAR™,

Transfection assay

A day before (mansfection 3 x 10* 1Tel.a cefls were seededd into
& em-dinmeter clizhes. Cullure medium was Dulbecco™ MEM
supplemented with 5%, (v/v) fetal-call serum and antibiotics,
The approx. 40 %, -confluent ¢elt cultures were transfecled hy the
enlefum phosphate method [30]. For frens-activating studies
2.5 ppof pmAR® was used in combination with 2.5 yg of reporter
plasmid {pG 29 G-TK-CAT/pBL2-CAT) [31,32], 25,4 of
pCHIIO (f-galnctosidase expression plasmid: Pharmacia) and
2.5 yeg of carricr DMA (pTZ; Pharmacia}. For premoter studies
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Fig, 2 Molecular cloning and characieekratlon of the mAR pene

{1) Prohes wsed in the sereening of the mawse penermic [HNA fihenry, Depicled is n schemntic seprerentation of the Tull-Tength SAR clINA (10625
nucieotides). The ORF is shiown 2 0 hox with the black and hatched areas representing the DNA- and lgand-binding domaing respectively. The
distiribution of the hAR ¢INA sequence aver tise eight cxons ol the AR gene Is indicated above the BAR cDNA. The hybridization probes used
{A~TF) arc indicnied under the ¢I?NA. (A) Structyrnl orpanization of the mAR gene. The eighl exons are nembered 1 8. The positions of the cight
individun! clones (SmAR, 15A, 19A, 1RA, 150, GH, 1A and |A) are chown ns harizenlal bars, A resirietion map of (he penomic clones alter
digestion with Baml L1, EeaR1, HawlT] and Vel is presented al (he botiom,

S pg of the approprinic mAR promoter construct was used
together with 2.5 pg of pCIEN10 and 2.5 g of pTZ. pSV2-CAT
{5 #g) was used in control experiments. All experiments were
carried out in duplicate with al least two dilferent plasmic
preparations. Cell extracls were prepared at 48 b afier
transfection, and CAT assys were performed essentinlly ag
described in [33], For quaatilicntion, bulyryl-CoA wag uscd.
which nllows the direet liquid-scintillation counting of Lhe
hutyrylated chloramphenicol [34). For immunoeprecipitation and
Western blotling, 2x 10" COS-1 cclls were transfected using
10 eg of pmAR® and 10 peg of pT7Z..

Immunaprecipitation and Western-blot analysis

COS-1 eclls. translected with 1ie mAR and hAR expression
Plasmids pmAR® sl pAR" [21]. mack-Lrmsfeciod COS-1 cells
myl  mouse  testicwlar  fissue were lysed  in 40 ma-Tris
{1 7.4)/1 mM-EDRTALI0C, (v/¥) plyccrol/ 10 mp-dithiethreilol
(DTTY /50 ma-NaF /0.6 mum-phenylmeihanesulphonyl  uoride
{PMST) /0.1 mm-bacitracin/0.5 mu-leupeptin/ { *, {(v/v} Trilon/
0.5%, (w/v) sodium deoxycholuic/0.08 %, (w/v) SIS, For the
imnwnoprecipitation the anli-RAR monoclenal natibody [739.4,1
[35] was used. The non-specific contral manaclonal antibody
wag ER-Pr 27, which recopnires prostule-specific antigen [36].
Waestern blotling snd immunestaining with the anti-hAR paly-
clonal antibody SpOGL (dilated 111000) were dong az <leseribed
in [37].
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RESULTS

Melecular clogting and characterizalion of the mAR gene

To isolate the mAR gene, n mouse genomic DNA library was
screence using DAR cXNA probes. Previously we clucidnted the
erganizadion of the hAR pene and showed that the hAR gene is
compased of cight exons {18, 200]. In Fig. 2{a) thc hAR cDNA is
schematieally depicted. together wilh the ¢DNA prohes used and
the distribution of the hAR clINA sequence over the exons of
the BAR gene. The prohes cover the complete prowin-coding
regions of the hAR gene exons |-R. Screening of the mouse
genemic DNA library resulted in the isolation of cight clones
{Fig. 24). Probes A and B hybridized (o clone ¥mAR ! clones
15A and 19A were boih recognized by probes ILand C: probe C
hybridized 1o cloncs 153 and 18A; cloncs 68 and 3A could be
identilied by probes C, [ and &: probes D, E and F recogrized
clone 1A. A physical map of the mAR gene was construcled on
the basis of restriction-cuzyme-digestion patlerns combined with
sequence anxlysis of the individunl exons {see Fig. 254). FFor this
sequence analysis, mouse penomic DMNA fengmenis hybridizing
with hAR ¢PNA probes were subeloned in plasmid vectors and
mapped in more detail. Small fragments conlaining the cxons
were subsequently cloned in MI3 veclors and scquenced.
Fig. 2(h) shows the positions of the cight mAR exons and the
restriction map for Bamtll, EcoRl, Hindlll and Xfhel, The
sequence obtained is presented in Fig. 3 and is discussed in detail
below. Additional  hybridization  cxperimen(s using probes
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GCT‘(CCEGCAGGTGGG?GCT!GCTGUGATACTAD\TCATEAGYCAGG&WCYC‘(TCAC»\GWGAUCGAGGAGCCACGAYMCCCMTTCEGIGWGCT.ACAG\CM\DCTCMGG 129
exonl codlng region

AGCYGCAGTTAGLGE T GGGAAGCETCYACCCACCCCCLCCATCCAAGACE TATCAGGAGEGTTECASAATCT GT TCLAGAGCCTSCRORAAGCEA YCCAGAACEEGGGLECCALE 240
1uwvalGinteuGlyleuGlyArgVel YyrProAdrgProProSerLysThrTyrArgtlyAl afheGlnaanL euPheGinServalArgGius Lol L eGlpasnProGlyProarg 40

CACCCTGAGGCCOLTAACATAGCACCTLLCGGLGCCTETTTACACCACAGCCACGACACTAGCLCCLCECACCECCCGCECCAGCAGCACACT GAGGATGLTTCTCCTEAAGCCCACATE 360
HigProGludlnAlsAanl LeAlaProProGlyAl aCysLeuG NG lrAr oG inG LuThrSerProArgAr pArgArgAraCANGLIH leThroluAspGLlySerproGlnAlotislle B0

AGAGCLTUCACAGGCTACCIGECCCT CEAGGAGCAACAGEAGTIT TEACAGCAGTCAGRCAGCET CLAALGGCCACCE T CACASCAGLTGCCTCCCOGAGLLYGOGCEGRCCALCCCTCOT 480
ArgGiyProThreiyTyrLeualalevt WGLUG UG LRGLAProSerGLnGRnG Lral aAl aSerGiuGl YHTaPreGluSerSerCyal e robluProGlyAlaslalhralePre 120

GGLAASTCECTCCEGTAGCAGCCACLACCTCCTCCAGATCAGGAT CACTCACC T CCOCCATLCACGTTATCCETGETGSGCCCCACTTTCCCAGGCTTAAGCCAGTTCCTCCCCCGACATT 600
GLyLysGlylewPret LnELAP roPr oA L oProProAspG LoAsphspSerlad i sProSerThrieuSerLeweuG LyProThrPheProb Lyl euSerSerCysSeralaspl le 160

AAAGACATTYTGAACCAGECCGLCACCATGLAAL T YT TCAGCAGCAGCAACAACACCAGCAGTACCAACAGTAGCACCAR CACCACCAACACCAGCAGGAGCTAATCTLCCAACGCAGE 720
Lysaspl LeLeuAsnGiuALaGLy Thrie th{nLeul e LnGinGLnGLRG LPGING LG LN [sCLNGLNG inH [ sGIGINH I 5GLPGLNG InGinGLuve LTt eSerGLuGLySer 200

armt
AL ECAAGAGCAGGCAGECCACE G E0CT CCCTCT TLETCOAAGGATAGT TACETAGGGGOCAAT TEANCEATATETGACKETCETFAUAL TG TG TARMCEAGTGTCTATETCCATG  BSO
SerAlaargAlairgGlud LaThrGlyAl aPraSerferSerlysAapSerTyrLeuG lyGlyAsnSerThrileSeraspSorAlalysCluleuCysLysAlavalServalSerker 260

GOATTGGGTCTCGAAGCATT COAACATCT CAG T CCAGGCCAACAGLT TEGEGEAGALT GCEAT GTACCLCTCOCTCCTCGRASGTCCACCCELCETGOGTCCOACTCCTTRTCCCLCEITE 960
GlyteuGlyvslluAlal euCivtisl euSerProGlyGluclnLeusrgGlyAspCysMet TyrAlaSerieul euClyGlyProProAl sVelArgProThrProCysAlaProleu 280

CCCCAATGCAAAGGTCTTCCLLT G RACCAAGGECCCACCCAAALCALT GAAGAGACTGCTCACTATTCCTCTTTEAAGGGACG TTAGGCCAAAGGATTGGAAGGTGACAGE TTGLEGTCE 1080
ProGiuCysLlyet lyLewrroleuaABpGluGLyProG Lyl yaSerTheGluGiuThralaG luTyrSerserPhelysGlvG Ly TyrAlalySC lyLouGluG LyGluserLeuG LyCys

TCTGCCAGCAGTGAAGTAGGTAGCTCTGAGACALY YGAGATCCCGT CETCTCYSTCTCTCTATAMTCTLGAGCACTAGALGAGGLAGCAGCATACCAGAATCGCOACTACTACAACTTY 1200,
SerGlySesSerGiuAlaGlySerSerGlyThrLeubtul leProSerSerLeuSerLeuTyrlysSerlyAlaleuaspbiualaal2aAlaTyrGlrasnArgAspTyr TyrasnPhe 3460

CCGCTCECTCY LY CCCCE Lt oCOGrACCCECreLCeCTACCOATECACACGLLCOTATCAAGCTCEAGAALCCATTGGACTACGGLAGEGECTGEEETRUGGLCCCAGEGIMMTCLCER 1320
ProLevAleleuserGlyProProl [sProProProProThriisProdishlasrg] LeLysleuGluAsrProLeuAspTyrGlySerAlaTrpA LakladlaAlaAl oGirlysarg 400

TATGGGGACTTCGGCTAGTCTACATGGAGGEAGTCTAGLLGGGLECAGCACTCEATCGECCCCAGECACCALE T CTTCTTCCTGRCATACTCYCY TCACAGC T RAAGAAGGLLAATTATAT 1440
TyrGlyhspleuGlyserLeut [sGlyGlyServalAlaGlyProSerThrGlySerProproAlaTheThrserSerSerTrpd isTherleurhethrAloGiuCLuGlyGinleuTyr 440

GGGLCAGGAGCLGGGOLCEECAGCAGCAGLLCAAGCOAT GCCGOLCCTCTAGCCLCCTATSELTACALTCEGECCCCTCAGCLGCTGACAAGECAGGAGAGTGACTACTCTLECTCCGAL 15460
GLyProGlyGlyClyGlyGlySorSerserproSerAsphlaGlyProvalAlaProTyrSLyTyrTArAFGProProtLlnGlyLeuThrSerCinGluserAsplyrserAlaSerCiy  £50

intronl
GTGTGCTATCCTCGTECAGT TOTGAACAGAGTACCETATCCCALT CECANTTET GTCAAAAGT GART CLGATCTTGGAT CLAGAACTACT CCLOACCTYATGRCCACATGLGETAAGTT 1680
ValTrpTyrProGlyGlyvalva lAsnArgv.alProTerrnschro.\sncysvalLysserGl.metElYProTrpqe:G LuasnTyrSerGlyProTyrGlyAsphetAr

ArmSy,
TATACTAAAARTLCCTCCTTYTGACCAAG. Lot .....CTTTGTTCTCTI:TCTGTCTCTGTC‘TGTGTCTTTTCAC GC&ALCATCTTTTAECUTCGACTATTACT 1790
LemapSerThrAmAspNlsVaquuProIleAspT rTyrP 533

TICCACCCCAGb\ﬁACCTGCC?‘GATCTGTGGAGATGMGCTTCTGGC"IG?CAC‘TM:BEAGCTCYCAETTGTGGD\GCTGCMGGTETTCTTCAMAGAGCCSEYGMGGTMMAETETT 1910
heproproGlnLysThrlysieulleCysGlyAspGlualaSerGiylysHi sTyrmyAl.nLeuThrcysclyScrcysL.ys\'u LPhePhelysArgalaalaGlug

£xond
ACCTACTTCOTGATATTIC. ..., er e v AACAGTAMATCTGATAT T TTTGACTTTCT T CTAT CAGCGAMTAGAAGTATCTATGTGCCAGCAGAMACCATTGTACCATTCATAAATTTC 2920
yL LnlysTyrLeuCysAlaSerArgAsnAspCysThrl{eAsplysPhea 587

5 int
cmcr.MMATTc:::::MCTTc'r:srcrccccmmrnfm‘&m;mccrnc.m.m'nnccrc‘rrcmrc:nncc. caseeeen JATTCAAGITTCTYT 2130
rgArgLysAsncysP::zercysArgLemrgLysCysTyrcl UALBGTyMetThrLeuGiyh &02

TI«CTTC?CMTAGCTCGTMGCFGMGMACI’TGWATCTMAACTACACGAGGAACCACMMCTCWTGCYEGCAGCCCCACTGAC!‘AECCATCCCAGMGATCACTCTAYCAEAC 2250
T LaArglysleutysLysLeuGl YARn, eulySLeuGl nGLuG LuG yG luAsnSerAena L 6l ySerProTh G luAzpPraserG LnL ysMetThrvelSertis

ATTGAAGGCTATCAATGTCAGCCTATCTTTCTTAACCTCCTGGANGECATTCACCTAGGAGTCLTGTGTGCCGCACAT GACAACAACCAACCACATTCCTTTCLTGCCTTGTTATETAGE 2370
ILeGLUGlyTyrCLluCystinProl lePheLeuasnVaiLeuGlualal LeGiuProGlyVeivelCysALaGlyH IsAspAsnAsnG i nProAspSerPheAloAialouleuSerser 863

nEr
CTCAATGAGCTTLGAGACACLCAGCTTSTCCATG T GG TCAACTGEGCCAACGECTTECET GOT AACAAMAGAAGAATCACCA TG TGGGATECAGAC. o v v v v v o COAATETRACTTTE 2480
LcMsnGluLemlyciuArgclnLcwa LiisvalYalLysTrpalsiysalalewrrot™ 704

ons
CTTCTTCCCCTTCTACTCCAGGCTTCCCCMCTTGCATGTCGATGACCAGATGGCGGTCATTCAGTATTCCTGGRTGGG-\CTHYGETATTTGCMTCGGTTGGCCGTCCTTCAC‘IMTG 26-00
“LyPheArgAsnLeudizVa lAspAspGlnHeEA'i aVal[LeCInTyrSerT rpMetClyl euMetValPheAl atethiy T rpArgSerPheThrasnV

trond
TCMCTCEAGGATGC]’CTACTTTGCACCTGACTTGGTTTTCMTCAGTMGTACTCTTGTGATCA

Exond
- CATCTGTETGTCTCTTGCTTAGGTACCECATGCAWG'FCTCGGA 271g
alasnSerargetleulyrPhealaProAsplewVaiPheasncl™

uryn\rgﬁetm sLy:Sen\roK TEQ

trond
TGTACM:CCAGTGTGTGAGEATUB!}CACCTSTCTCAAGAG?TTGGATGGCTCQMTMI:ECCL‘CAGWT?CI’.‘TGTGCATGMAGCACTGCTGCTCTTCAGCAYTAQ_CAG'E GETTGG 2530
etTyrSerélnCysvalargMetArghisleuSerGinGLuPheClyT r'pLeuGlnl LeThrProGinGlupheleulysHetlysAlal euleul euPhaSerllel 796

o7

GGTTACACAGEA, .o nnccnn TTCCCATTCTTTCTTCATCCD.CA!CAGTTCCAG‘FGGATGCGCTGAMMTCAMMTTCTTTGATGML'TTCWTGMCTACATWGWCTCGR 2940
LeProvalAspG LyLeul ysAsnGinlysPhePheAspGLul suArgetAsnTyr [ eLyaCluLeurs B19

intreny
TCGCATCATTGTAT GEARMAGAAACAAT CCCACATCCT GLT CAMGELECT TCTACCAGLTCACCAAGETELTGOATTCTGT CLAGCCTST AAGTGAACTACACACGAGTICTTTATC. . . 3058
pArghleliea laCyiLysArgLYsAsnProThrSchysSerAl‘gArgPheTyrGlﬂLeuThrLysLeuLeuﬁ:pS:r‘anG InPre™ 4]

P AnTTTATTCTATC‘I’CTCCETC'{‘I’CCTI«CAGATTGWGAGAGtTErC.lTCAGTTCACTTTYGM:I‘.\'GC‘.’MTCMGTCCCATATGGTCAGCGTGCACTTTCCTW’{GMGGCA 3
T IlealarargClul euiiztinPheThrPheaspl euleul TeLysSerH [aMetValServalAspPheProGluMetMetala 876

CAGATCATCTCTRTGCAACTGCCCAACAT CCTTTCT CRGAARGT CAAGCCCATCTATTTCCACACACAGT GAAGAT TTCEAALCCTAATACECAAMACCCACTYTETTCCCTTTECARA 32’90

Glullel lQServ.!.GanaLProLyslleLwerGlyLysvulLysProl LeTyrPheHisThrGinEnd

TGTCTTCTGCCTFI’TATA‘IMC ﬁ TR T CT L CAGTGEET TCCGEGAAAT TCETCTALT GATCTACAGT CAGACETCGAACAGGT TCCTCAGTTCTATTTCCTCRGLTTEYCCT 3410
Fl. 3. Sequence analysls of {he mAR pene exons

Shown in the sequence of the mAR ORT 13 sdeduced [rom the genamic DNA clones, together with the sequences of Lhe intronfexon boundaries
and part of the sequence of the #-UTR and Y-LITR which are found in Ihe cxons { and R respectively. The GT/AG dinucieotides al the %rllu.c
Sonor nnd acceptor siles are doubly uderlined. The ATG transintion-inilinlion codon is hoxed, and the TGA translelion-ternyination cadon is
marked ‘ End”. The number of each individun! exon is given after the AG spiice acceptor sequence: the sumber of the individual inlron is given
shove the GT splice donor sile. The positions of the four primers used in the conatrction of the luli-length MAR ¢I2NA (arm| armd) are indicnted
by horizontal nrrows,
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Tig. 4. Funetionz| analysis of rhe mAR

(@) Conatrects usad for 1he fuactionnl assay of mAR nctivity, Shomn
are the mAR expression plasmid pnAR™, the andropen-respensive
CAT reporier-genc consiruel pli 29 G-TK-CAT and the two conlrol
consirucls, pRLZ-CAT amd pRYI-CAT. (4) Determiniation of the
size of mAR. Shown ix the Weslern-blit anabysis of The mAR anc
HAR as obained by immunoprecipitution from COS-1 colls andd
mause testicular tissue, Immunoprecipitntions were performed wilh
specific () snd nonr-specilic monoclonal antibodies (D)) wsing
whole-cell extracta from pmAR™transfected COS-1 celis (lanes 3
and 4), from pAR-irnnsfected COS-1 celix (hARY (lanes 1 and 2),
from mock-trunsfected COS-1 eells {lunes 5 nnd 6} and mouse
testicular lissue (Tanes 7 and R} AR waz revealed with an anti-hAR
polyclenal antibody. The arrow indicales the position of AR,
Molecular-mass  markers were f-galnctosidie (16 %Da) nnd
phosphorylase b (97 kD). () Delermination of the rrans-nctivating
attivity of MAR by co-1ranshection of Hela cefls with he imdrogen-
responsive CAT reporier-pene consiruet pli 29 G-TK-CAT and
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specific for the promater repion of the hAR pene and the
polyadenylation sites of the hAR mRNA indicated their prasence
in clones S'mAR and 1A, respectively, and they are depicted as
such in Fig. 25,

The cight overlapping clones cover a 60 kb region of genomic
DiNA. Although all the exons of the mAR gene are present in Lhe
clones isolated, part of the information for the introng 1, 2 and
3 is lacking. The lengths of the introns as deduced from these
clones are > 14.5kb (intren 1), > 19,1 kb (2), > 124 kb (3).
5.2 kb {4), 4.7 kb (5, 1.0 kb (0} and 0.7 kb {7} respectively. The
physical map of the mAR gene wax checked by Southern-blot
analysis of mouse genomic DNA digested with the restriction
enzymes Sombll, freR1 and Hindl). Blots were probed with
genomic probes spanning all exons of the mAR gene, These
cxperiments ¢onlirmed the restriction map presented in Fig. 2(/)
(results not shown). Tn addition. The sizes of the warious
hybridizing [ragments detected in these genomic blots indicated
thag the lkength of intron 3 exceeds 20 kb, This finding cxlends the
minimum length of the mAR gene to al keast 6% kb,

Sequence analysis of the mAR open reading frame (ORF)

As discussed above, smnll [rnpments containing exon in-
formalion were sequenced o predict the structure of the mAR
cDINA ORI Prolgin-codling sequences ag welt as intronfexen
houndaries were deduced on the basis of similarity 1o the hAR
ORI and splice consensus sequences respeclively. This resulled
in a predicled ORF for the mAR ¢DNA shown in Fig. 3.
together wills the sequences of Lhe Intron/exon boundazies,
which all conform (o (he GT/AG rule (doubly underlined in
Fig. 3). The mAR QRF starts at the boxed ATG (ransiation
inilialion codon in exon 1 and conlinues in exons 2-7 uniil
eacountering 0 lerminalion eodon in exon 8. The length of the
ORF is 2647 nucleotides, which ¢an cncode a prolein of 899
amina acidz. All domains that chamnclerize the steroid-receptor
family are present in this ORF, A large N-terminal domain is
followed by the DNA-binding domain consisting of the lwo
Cys-Cys zine lingers nnd the Lgand-binding donsain a1 the (-
terminus of the protgin, The M-terminal domain is cncoded by
exon 1, the information for the first and second zine linper motif
is present in the exons 2 and 3 respeatively. wherens the ligand-
bindingdemainisencaded by theexons 4 8. The 2697 nucleolides
of the mAR ORF are distributed aver the exons as foflows ! exon
1553 exon 2,152 cxon 3, 117 cxon 4, 2RR; exon §, 145, cxen
6. 1315 cxon 7, 158 and cxon 8, 153 nucleotides respectively.

¥anctinaal analysis of mAR expressed from the molecular
cloned cfMNA

A mAR cDDNA containing the complete ORT was construcied
using conventional cloning meiheds combined with the PCR
1echniques described in the Materinls and methads section. Aller
insgrtion of the mAR cDINA in a pGEM vector, the 2.8 kb inser!
was compleiely sequenced and (he sequence was maiched with
thal of 1he deduced mAR genomic IDNA structure. The sequence
showed the mAR QRY te be identical with the predicied ORF us
already presenled in Fig, 3, and thereby conflirmed the positions
of the splice sites within the mAR gene {clones containing PCR
artefacts were omitted). To lest the functional properties of the
cloncd mAR. the ¢eDNA was inserted in an expression veeter

pmAR® (Tanes 5 und 6). Controis include pG 29 G-TK-CAT {lanes
I nnd 2), a co-trnnsfeciion of pmAR® and pBL2-CAT {lines 3 und
4 2l pSV2-CAT (lancs 7 and §), Cells were grown in The presence
(lanes 2, 4, 6, B) o absenee (nnes 1.2 S, 7 of the synibetic sleroid
RIA%L. The suloradioprsph  displays  the  conversion  of
[M*Clehiloramphenicol into nectylated products.
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GTAAG
R
bz 300DD
B relative
a0 CAT-activiry
MG GAT GENE  EMWANCER

AN CAT -0 1
prece 45
pmAR-CAt-1 oy 0.2
nAneC-n 22
PRAR-CAT-3 rur 0.5

Fip. 5. Stroctursl and linctions] anrlysia of the promoter pregion of the mAR pene

{m) Partinl restrielion n;np af the penomic repion surroundling exon 1 of 1he mAR gene. Indicated are the ATG translation-initintion codon and
the splice doner site {TTAAG. The position of the double-simided IDNA probe SRl fiied!E that was used in the Sl-nuclease-protection
cxperiment is indichied by o horizontal bar, () Composilions of (he four mAR pene promoler -CAT constructs, as well as of the phisnid pmAR-

CAT-0, are shown. The four mAR promoter CAT construcis were {runsiently cxpressed in [ela cells s
for CAT activity. Direct counting of butyrylated chlorumphenicol reeulied # 1he relative CAT nel
P, Prel: R, EcoR1: MCS, multipk doning siie, (#] Sl-nuglense mupping of the mAR-pene transcriplion slart slies. The 81 probe is ind!

tes were asiyed
e T, Fend T
ed in

(@} Lane 1, probe: lne 20 RNA from mock-trunsfected COS-T eclls; Inne 3. RNA from mouse Prostalic tissue; Jane 4, RNA from pmAR-CAT-

I-transfected COS-1 eclls,

PmAR": Tig 46). mAR was trangiently expressed in COS-1
cells. To determine the size of 1he pretein produced. Western-
bliol analysis was performed alter immunoprecipilation of mAR
from whole-cell extracts using an AR-specific monaclonai anti-
body. The blol was probed with an anti-AR polyclonal antibady.
Controls included cell exiriels prepured from mock-transfected
COS-1 ecils. COS-i <ells translected with the hAR cxpression
plasmid pAR", cell extracls prepared from mouse leslicular
tissue and immunoprecipilations wilth n non-specilic monoclonal
antibody. The resoils of these experiments stre shown in Fip. 4(4).
A 110 kD=a protein is speeilically detected in pmA R -trunslected
cells (compare lanes X and 4). Proleins of similar size are
precipitated from pAR™translecled cells (compare lanes 2 and 4)
and mouse Lesticular lissue (compare lanes 4 and R). The 110 kM
prelein coukl not be precipitated MMom  mock-transfected cells
{lancs 5 and 6). These lindings clenrly shaw the pmAR" expression
vector o pive risge 10 a full-fengtlh mAR protein. Scatchard-plot
analysis revealed o dissocixtion constant (K} of 0.12 nu Tor
methyltrienclone (RIRR1} hinding 1o the e¢xpressed protcin
(results not shown). Te test the srans-aclivating function of the
cloncd mAR, co-transfeclions wilh 8 CAT reporter-gene con-
struct were performed in Heln eells. In Fig. 4(#) (he construcls
used in these cxperiments are shown, pmAR® is the mAR
expression veclor. The androgen-respensive CAT reporter pene
comiruct is pG 29 G-TK-CAT [31], which consisis of two
synthetic copies of an HRE (GTTACAaacTGTTCT) upsiream
of the TK promoter, which is linked to the CAT reporter pene.
PBRL2-CAT [32] is a control consiruct which is comparnhle with
pG 29 G-TK-CAT, but lacks the two 1TREs. pSY2-CAT i a
coalrol consiruel used for moniloring the transfection ellicicncy.
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The autoraciograph of 1he Lic. analyses of the CAT assays is
depicted in Fip. 4{c). The control cxperiments shaw thut the
synihetic androgen RIRR! has no effect on CAT expression from
the nG 29 G-TK-TAT reporter pene in the absence of the mAR
{compare lanes | and 2} Similarly, in the presence of ligand,
mAR huas no stimulating clfect en the TK promater {compare
lnnes 3 and 4). In lanes 7 and & the activity of pSV2-CAT is
lustrated, which, as expected, i not influenced by RIZRL. Co-
translection of pmAR® aid pG 29 G-TK-CAT shows n ligand-
deperdent inerease in CAT-zelivity (compare lanes § and 6).
These experiments prove thal mAR is able to srang-activale an
androgen-responsive promater through (he approprinte fespense
clements. Quantification of the CAT assay resulted in the
enkeutation of an induction Mctor of 30 (resulls not shown),

Deferntination of the transcripfional s(ar( sites xod
polyadenyiation sites of the mAR gene

iybridization tludies using hAR  probes spanning the
wranseription initialien sites of the hAR gene identified a region
of sequence similarity in clone S'mAR (Fig, 2h). In Vg Sa)
a restriction map of the region surrounding the first gxon of Lhe
mAR gene is shown, The ATCG translutior slion codon us
well as the splice donar site al the exon |/intron I houndary
(GTAAG) are indicated. To determine whether the repion
upstream rom the ATG codon conluined promoter activily, a
CAT reporter-gene  construct  conlaining  SV40  enhancer
sequences, bul Incking transeriplion-initiation siles was nsed.
Faur CAT expression plasmids with mAR gene-promoter (rag-
nents were constructed (15g, 5b). The origingl plasmid [pCAT-
Eahaneer (Promegn)] will be referred 1o as pmAR-CAT-0". Twe
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Mouse andropen receplor prolein and pene

CTCCAGCTTOTTCTTTANT

TECTICTCCTGET TEG =430
CECAACOCREGATCEARTACETANCAGCARTTECTASCTGETACTTCTARTSCCTCTTOS =379

TOCTCCARCCTCCANCAC TCTCT T T TOEGATTCOOTTCACO AR TAAMATTETGCCTG TS ~31%

TARCTTCCT TT TRAAMTCGETTETCCTTTTCCACCCTA 259

. T MASACAN TATT TTCAMMGGCTACAG +19%

TCAGTCATTCCME CETTCAACCATACTACGCCACCACTACOTTETCTARALCCACTETGE ~139

T AAAGOAR

-7

ABASCACETRGGN T COGACTCACARACTETTE = 10

AATTTCCTTPOCARTTCCCAG oG TECTCCCAG + 42
T ARCCTCOACCTE

TCACACGOGARAMIACTEAL + )62
Flg. 6. Sequence anglysis of the promster region of the MAR fene

The pesition of the transeription-Initiation <iles 3a determvined lrom
the S1-nuclense-proteciian experiments are indiciied by dots, Two
possible control clements, the eonsensus Spl hinding <ilc and (he
homopurine stretck, are mderlined snd doubly underlined re-
apectively,

RAUEe COCAACOCCT! AMTETYGAMNTETTITITTICTETAMATA <0
R e
TECAGCOCTAGTET TLTCTTCTC AT IO TAR TCTTGC ARTCTTTTETTCCTCYAAATA 10974

wouwn CHATT, ' TICTTICT T IYCCIITTICTCT 10
I e e e TR e
human TOCE AGAAACRIGHITOTTROATAC NI TTRGOATCRGRETET 1aa34

human

mouma GOGHCHOSCTTTAGARA N T e T tRo
P T3th P TEIRERIEANSfeazed TRONTIEE cdivay  pIEEIARRATENR
human GCCT T ATTROCTT RCTRATETA T toand
wouse ARAACTT TeT RAGTTATIOTTARCAAMGAGCCT 230
Brrreen THOZTU G001 Erns B WAEREET T 31100179321 0490819% 91
Tuman ARAAET v

TATERCTE: ToTT [Tt

mouEE CRAGARAAGETCCTAATATCRTOTTA TCACCATTG T TARTTTGTT AR A AT ART 399
TrnsTreltbIt e At eaatanter  pirioaeiagzsatesfrraney
human CAKGAAAAICTOCTAATATCCT I TATEAT IO IO FrARTT T TT ARA A,

ARAT 10614

muna CTRAMAATTT
TEOIIEIATTILIY
R CTAAAATTTCAMIATA)

TEX ULICTIITCRTT TCITLITALICICTEITT M
R R R IR
AN TIICATEACIXI TETTAATT AG e W I TLITATREA

Fizs. 7. Sequence annlysis of the pnlative polyadenylation sipnals of mAR
mRNA

The sequence xs obtaingd from mAR penomic DNA done 1A {Fig.
2) it compured with the sequence surrounding the well-kelined
polyadenylution sigmals of (he BAR mRNA. The polyadenylation
sipnals ATTAAA amd CATAAA are boxed. The actual sites of
Poly(A) addilion as detlermined in The hAR mRNA wre indicnled by
dols, whereas the TG boxes after the palyadenylation sig
underlined in both sequences.

are

fragments, a 0.5 kb Prel 25xI frapment and 00 1.3 kb Psel Psrl
feagment were eloned in front of the CAT pene in bolh sense and
anti-sense arenlalion, giving rise o the corstricls pmAR-CAT.
| and pmAR-CAT-1 rev in the ense of the 1.3 kb Pl Parl
Itngment and pnAR-CAT-2 and pmAR-CAT-2 rev in lhe case
ol the (1.5 kb /'sil- Hind) 11 fragment, AH constructs were frans-
fected inte Hela cells, topether with the internal control
plasmid pCIETTO, aml 48 b afler translection cell extracts were
assayed for CAT activity. Values obtsined were normalized for
fl-galactosidane activity and the sctivity of the pmAR-CAT-0
plasmid was arbitrarily set 1o 1. The resulls of the experiments
are given as relative CAT activities In Fig. S(4) and show that the
inscrlion of the (we mAR pene lragments in (he proper orient-
ation produces 1 marked increase in CAT activily. whereas the
insertion of the same frugments in the reverse oricntation slightly
reduces basal activity. Beenuse pmAR-CAT-2 is aclive, the
promoier of the mAR pene has Lo be lacaled in this region. The
precise positions ol the transeriplion-initiation siles were sub-
sequently mapped by Si-nuclense-protection cxperiments. RNA
from mousc prosuetic tissue a5 well as RNA Trem C0OS-1 cells
transfected with (he pmAR-CAT-1 promoler construct was
isolated. RNA [ram mock-1mansfected COS-1 cells served as o
control, The end-labelled 0.6 kb FeoRL- o1 fragment (Fig.
Sa) was uscd 88 n probe. The results are shown in Fig 5(c).
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Specific protected ragments were absenl in lhe control ex-
periment (iane 2}, whereas, in the case of mouse proslatic RNA
tlane 3) and PMAR-CAT-| translfccted COS-1 RNA {lang 4),
two sels of protecled fragmenis were abserved. The sequence of
the region. surrounding the transcriplion-initialion siles was
determined (Fig. 6). The positions of the transcription-initiation
sites is indiented with dots, and (he mosl §° nucleotide of the two
sets of transcriplion inilintion sites is numbered -1, The
promater region of the mAR pene Iacks the canomical TATAS
CCAAT elemenls which arc found a1 20 30 bp and 70100 bp
upstrenm lrom the transcriplion start sites of many genes. Neither
is the promeler of the mAR gene exceptionally (G +C)-rich, as
is oflen abserved in TATA/CCAAT minus proaoters. Potential
promoter elements which are present in the mAR gene promoter
are a consensus Sp! binding sile a1 positions —36 (o —45
(underlined) and o homopurine sirelch at posilions - 535 Lo
- 128 (doubly underlined).

Because clone 1A (Fig. 25) hybridized to o hAR ¢DNA probe
located at (he very 3 end of the cDINA, additionni hAR c[DNA
prohes spanning the complete 6.8 kb I-UTR were hybridized 1o
subcloncd fraginenls from clone [A. All probes gave rise to
hybridization signals, bul the probe spanning the polyadenylation
signals of hAR mRNA proguced the most intense signal (results
not shown). These resullz sugpested o moderaie conservation lor
most ol 1he 3-UTR sequerces and 5 more pronounced con-
servation for the sequences surrounding the polyadenylation
siles. The frngment from glone 1A, which hybridizes to the 3
terminus of hAR ¢cDNA, was sequenced, and 1his scquence was
matched with the corresponding hAR scquence {Fig. 7). The
BAR DDNA scquence exiends (rom 10315 to 10625 [rom the
Lranscription slart site (cIYNA), lollowed by n small stretch of 3'-
Manking penomic sequences [20a]: the corresponding mouse
sequenee s numbered 1- 359, The polyadenylation sipnais that
were functionally identified in the hAR mRNA {ATTAAA and
CATAAA) are boxed, the actual siies of poly(A) addition in the
BAR mRNA are indicated by dots, and the TG boxes, usually
found in the immediate downasiream region of polyadenylation
sites, are doubly underlined for both the humar and mouse
sequence.

DISCUSSION

n the present study the structural organization of the mAR
gene is deseribed. [n addition, the mAR protein is functionally
characterized. The mAR pene was shown (o consisl of gipht
exons, Fram the genamic ¢lenes an ORIF of 2697 nucleotides was
deduced 1hat encodes a 899-amino-ncid protein. This sequence
was verificd by the isolation of mAR ¢DNA using conventional
cloning techniques coupled with PCR amplification.

The 899-amino-acid protein contains the domains (N-lerminal
‘regulatory”. DNA-binling amd lignnd-binding) characteristic of
the recepior family. Fig, & shows a schemalic comparisen of the
sequence similarily between the mAR, the hAR and the rAR
[12-17], Toual (1004,) identity is ohserved in the DNA-binding
and lipand-hinding domming. [n the N-lgrminad “reguintory”
domain, some [minor) dillerences were ohserved, resulting in 76
and 967, similarity for the hAR and tAR in these domains
respectively, The overull similarity was 88';, for the hAR and
9R %, for the rAR. Alse indicated in Fig. Rare (he homopolymeric
stretches of glutaming and glycine residugs, As lo the posilion
within (hg protein, the mAR stretches resemble those of the rtAR
but the composition ol the glulamine stretch is dilferent, hecause
il is shorter hy two amino acids and intermingicd with three
histidine residues (Gln,-Nis=Gla -1 lis-Glng-His-CGln, b

Co-transfections of pmAR" with the androgen-responsive
CAT reporter gene construel pG 29 G-TK-CAT showed the
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ane 109 aly 190 100
L § mAR
1 Izof |03
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Fig. 8. Schemalic comparizon of the MAR, hAR and tAR

Indiented are Lhe sequenee simi ies in the M-terminal *repulatory®
domain, the DNA-binding domait and the ligand-binding domain.
Alse indicated are the positton amd composition of the polyplutamine
(Gln) nnd polyplycine (Gly) streiches in the N-lerminal *regulatory”
domains. GlIn® indicates the inlermingling of the 17 givlamine
residucs wilh (hree histidine residues in the mAR polyplutnmine
strelch,

ability of mAR lo frans-activale through a 1IRT in a lipand-
dependent manner. The induction factor observed (30-fold) was
comptrable with thal observed when the hAR expression plasmid
pAR® was used in a pariilel experiment (P W._ Faber, un-
published work), Similar resulis were obtained in experiments in
which the Lranseriplional activaling properties of mAR and hbAR
were compared asing the complete MMTV promoler in the
reporter-gene construct (I, W, Faber, unpublished work), This
indicates thal the polyglycing stretch, which is long in hAR
(16-27 residues), bui virlually absent in mAR and rAR (five
residues) is nol essenlial for AR franx-activaling funclion, at
least not under the experimental conditions applied. The presence
of a polygiulamine stretch of similar lengih and composition in
the three receptors, although ri a different position, would argue
in favour of an important role of this sirctch in AR function. A
link between glutamine-rich protcin domains and tmnscriptional

P, W. Faber and others

Table I. Comparison of the Intron lengihs of mAR and hAR penes

Intron kength {(kb)

mAR hAR

Intren
1 > {45 =240
2 > 191 > 150
3 >20.0 260
4 52 5.6
5 4.1 4.8
& 1.0 038
7 Q7 0.7

aclivation has been made in Lhe transeription factor SP1 {38],
Interestingly, the recenlly cloned human TFHD transcription
factor also contains a lonpg polyglutamine stretch [39-41].
During the preparation of thiz manuscript the sequence of the
mAR cDNA was reported by olhers [42,43], Comparison of these
cDNA sequences with Lhe mAR sequence presented bere showed
the Lthree sequences 10 he completely identical.

The information of the mAR ¢DNA is separated over czons
1-8 of the MAR gene in a manner identical with that found in the
hAR gene [18-208]. When compared with the hAR gene the
lengths of the individual introns are roughly conscrved between
Lhe two species {Table ). The introns |, 2 and 3 are large (part
of the infermation for the introns 1 and 2 is missing lor both
genes, whereas intron 3 i 26 kb in the human gene and at least
20 kb in the mousc gene), The fengths of the introns 4-7 could be
delermined for bolh genes and were found Lo be highly com.
parable.

A similar genomic organization with conserved intron/cxon
bouadaries has been reporied for the chicken propesicrone
recepior [c"R) [44.45] and human ogstrogen receplor (hER) [46]
genes, The positions of the intron/exon boundaries are less well
conserved in gencs encoding more distant members of the
receptor family, such as the buman vilamin I, receplor [47) and
the chicken thyroid-hormaone receptor [48], indicaling an carly
divergence during evolution hetween the steroid receptors and
olher receplors of the same mmily. The lengths of the introns 4-7

HQMOPURINE

Ep1 b 5-UTR

HUMAN
HOMOPURINE  Sp1
58%
, GGGAAY, 92%
—ann A -1 TRV T “

Fig. 9. Schematic comparison of the promoter replons of the mAR, TAR and hAR genes

Shown arc (he trnscriptionnl tlart sites, the Spl-binding <ite and the homopurine streich. which was sepurated in n 5= and Y-scgmeni, as well
8% part of the 5-UTR, stquences nnd parl of the sequences upstrenm from the homopurine streich. The sequence similarities are given for The %
UTR requences, the 3° seginent of the homopurine siretch and the xequences upsiream from 1he homopurine steetch, In the 5-segment of the
homopurine streich the number of GGLGGA sequence malils is given.
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Mouse androgen receptor prolein andl gene

ol the PR and hEitR genes are unreluted (o hose observed in the
mAR znd hAR genc, with those of the cPR being substantially
smailer and those of the hGR gene being substantialiy larger.

Two major sites of ranscriplion initiation were identified in 2
13 hp region. These transcriplion-initiation sites could be defined
using RNA preparntions originating ¢ither rom mouse prostatic
litgue of from COS-1 cells transfecled wilth mAR promoter-CAT
constructs, Both promaler construcls (PmMAR-CAT-1 and
pmMAR-CAT-2), which dillfered only by the lengih of ibe 5-UTR,
conferred promoler aclivily to 2 promolerless CAT reporter
gene. The activity of pmAR-CAT-1, which contains an approx.
0.8 kb longer $-UTR than pmAR-CAT-2, was slightly higher. A
similar ¢ffect has been neled using hAR promoler ¢onsiruets
[20a], supgesting a pelentinting rele of $-UTR sequences in
transcriptional activalion, an incrensed stohility of the RNA
produced or an incrense in (ranslation efficiency caused by (he
presenee of the longer 3-UTR,

Putzlive promoter elements are the consensus Spl binding site
(GGGGCGGGAC, —36 to —45) and Lhe homopurine streteh
(=55 to6 —12%). Sp! is an uhiguitous leanscription fclor with
DNA binding sites usuatly clusiered in Lhe promoler region of
{G + C}-rich promoters, wherens homopurine streiches with
vazious compositions have been idenlified in the promoter region
of soversl genes [49]. These strciches are usually associnted with
a high sensitivily in ritro Lo Sl-nuciease degeadalion and an
wnusual DNA siructure [S0]. Whether in the ecil nugleus poly-
purine siretches nre correlated with unfakling of the NA is not
known. Deletion of a polypurine/pyrimidine streigh in the
promoter region of (he epidermal-growlh-fictar-receptor penc
resulied in a 3-fold decrense in promaoter activity [51]. Analysis of
this fragment by proscin. IPNA inlgraction experiments showed
specilie binding of twa proteins, ong of which turned out to be
$pl. A similzr analysis of the promoler of the mouse Ki-ras gene
also indicated lhe hemepurine strelck 1o he involved in
iranscriptional activation and specific protein--IXNA interactions
152].

Recenlly, we and others identilicd (he promoter region of Ihe
AR and rAR pene [20.20a.53]. A schemalic comparison of
the promoter regions of (he three genes iz given in Iip. 9. The
positions of Lhe franscription-inilintion siles are identical in (he
three genes, The putative Spl-binding site and the homopurine
sireich are alee conserved. The homopurine stretch can be
divided in a 5"-fragment, consisting mainly of 2 multimer of the
sequence molif GGGGA, and n 3-fragment, without repeat
clemeniz. The Y-segments of the homopurine strelch conlaing
six, cight and four {GGGGA) blocks in the case of the mAR,
rAR and hAR gene promoelers respeclively. More-upsirenm
regions are moderately well conservee : the 5-UTR shows high
sequence similarily (sce Fig. 9). A more detniled funciional
analysiz will have to be conducted to evnluate the importance of
the various structural elements in the AR promoler region.,

The 3-UTR of the mAR mRNA has a length of approx. 6 kb.
Thiz Jength is inferred from Uk identification of two polenlial
polyadenylation signals in the mAR genc sequence (ATTAAA
and CATAAA) at exactly lhe same position. where the functional
polyadenylation signals of the hAR arc situated [20a]. The two
signal sequences differ from the canonica! AATAAA hexamer
sequence, bul have previously been implicated in polyadenylation
processes [S41 Although not strictly proven, the remarkable
conservalion between the AR and mAR sequences in this
region indicates that the same sipnais will be wsed lor poly-
adenylation in the bAR and mAR Iranscripts. In addition, the
strong sequence similarily suggesis Lhat the complele region is of
high importance for polyndenylation or other. so-far-unidenti-
ficd, [unetions of the AR gene or mRNA. The mRNA which
would be produced from the complele mAR Leanscription unit
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woull bave a length of apprex. 10 kb {1 kb [$-UTR]+2.7 kb
[ORF]+6 kb [3-UTR}4-0.2 kb [poly(A)-wail]l, which closely
corresponds Lo the reporied length of the mAR mRNA [42.43,55),

In summary, we have deflined 1hie transeription unil of the
mAR gene and functionally charagrerized the mAR protein
product that eriginates [rom this gene. The information obtained
provides Lhe opportunily for a detailed analysis of regulation of
cxpression of the mAR gene and mAR (unclion in “in nino®
model gystemis. The sequence similarity between the mAR and
BAR protcins and the promoler region of the mAR and hAR
genes suggests a functional interchanpeability for the individual
prolcin domains 3w well as the regulaiory regions of the
prometers. A particularly inlercsting possibility would be cither
the correction of the naturally occurring mutation in the AR of
the Tim mouse {56] or the introduction of mutations, observed in
the hAR in individuals with an aberrant malesexual development,
in the mAR genc by homelegous recombination (echniques [S7]
19 prove that these indeed correlale with the observed phenotypes.
The informalion oblained lrom such experiments would he of
great value for underttanding of the role of AR in normal and
abnormal male sexual devclopmenlt.
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TWO DIFFERENT, OVERLAPPING PATHWAYS OF TRANSCRIPTION INITIATION ARE
ACTIVE ON THE TATA-LESS HUMAN ANDROGEN RECEPTOR PROMOTER: THE ROLE
OF Sp1l.

Peter W. Faber', Henri C.J. van Rooi]', Helma J. Schipper', Albert O. Brinkmann?®, and
Jan Trapman'.

Departments of Pathology’ and Endocrinology & Reproduction?, Erasmus University,
P.0. Box 1738, 3000 DR Rotterdam, The Netheriands.

SUMMARY

in this study the minimal promoter requirements of the TATA-less human Androgen
Receptor {hAR) gene promoter are described. The hAR promoter is characterized by a
short GC-box (-59/-32) and a long homopurine stretch (-117/-60). Two major
transcription initiation sites, AR-transcription initiation site | {AR-TIS I, [+ 1/2/3]) and
AR-transcription initiation site Il (AR-TIS I, [+ 12/13]} are located in a 13 basepair (bp)
region {Faber, P.W._., van Roci, H.C.J., van der Korput, J.A.G.M., Baarends, W.M.,
Brinkmann, A.Q., Grootegoed, J.A., and Trapman, J. {1891) J. Biol. Chem. 266,
10743-10748). Transient transfection of COS cells with hAR promoter deletion and
mutant constructs, followed by RNA isolation and S71-nuclease protection analysis
showed that the process of transcription initiation through AR-TIS | and AR-TIS [l is
reguiated by different promoter sequences. The GC-box directed initiation from AR-TIS
It but did not affect AR-TIS | utilization, which is dependent upon sequences between
positions -5 and + 57. Bandshift analysis identified the transcription factor Sp1t as the
protein interacting with the GC-box. A single $p1 binding sequence was found to be
present in the GC-box. Footprint analysis confirmed the interaction of $p1 with this
sequence. The differential initiation through AR-TIS [ and AR-TIS Il was substantiated
by the introduction of point mutations in the Sp1 binding sequence: only mutations that
specifically abolished Sp1 binding interfered with AR-TIS [l utilization, but all mutations
left AR-TIS | initiation intact.

INTRODUCTION

initiation of transcription is a major control point in the process of gene expression
directed by RNA polymerase Il. It is mediated by 2 set of general transcription factors
(1.2), via the minimat promoter, and regulated by gene-specific factors, via more distal
control elements (3,4). In higher eucaryotes, the use of alternative (tissue-specific)
promoters and first exons in @ transcription unit results in additional mechanisms of
regulation {5). The minimal promoter contains element(s), involved in transcription start
site selection. Promoters with only one or a few clustered sites of initiation contain as
minimal promoter elements either a TATA-box at -25/-30 (6,7), a pyrimidine rich
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initiator {Inr) element which overlaps with the site of initiation (8,8), or a combination of
both. The moiecular cloning of the TATA-binding component of the basal transcription
factor TFHD (TBP) has helped to address the mechanism of initiation on TATA-
containing promoters (10}. Much less is known about TATA-less promoters, although
proteins capable of interacting with Inr sequences have recently been characterized
(9,11).

The human androgen receptor (hAR) is a ligand-dependent transcriptional modifier
that belongs to the stercid/thyroid hormone/retinoic acid receptor family (see 12,13 for
recent reviews). The hAR mediates the physiological response to testosterone and
dihydrotestosterone and plays a major role in the process of male sexual development
and the maintenance of male sex characteristics (14,15). Expression [evels of hAR are
low in most tissues but elevated in specific ceils of the male urogenital system (14},
Defects in hAR expression and/or function are involved in the androgen insensitivity
syndrome {16,17) and may play a role in the progressive growth of prostatic tumors
{18). Yet, although the identification of factors involved in regulation of hAR
transcription and translation is of considerable interest, little is known about molecular
mechanisms underlying hAR expression.

The hAR is encoded by a single copy gene, located on the X-chromosome. Two major
mRNAs of 11 and 7.5 kb are transcribed from this gene. The 7.5 kb mRNA results from
an additional splice event in the 3’-untranslated region {3’-UTR) of the hAR messenger
RNA (mRNA) and does not affect the hAR open reading frame (ORF) (18). The hAR
gene promoter lacks TATA/CCAAT boxes (18,20). Two transcription initiation sites,
AR-TIS | (+1/2/3) and AR-TIS Il (+12/13} are located in a pyrimidine rich 13 bp region.
Potentially regulatory elements consist of a short GC-box (-59/-32) and a long
homopurine stretch (-117/-60).

in the present study we have identified sequences invalved in mimmal hAR promoter
activity. From deletion and mutation analysis it is concluded that two unrelated
mechanisms of transcription initiation are active on overlapping sequences: initiation
from AR-TIS | depends on sequences located between positions -5 and + 57, whereas
initiation from AR-TIS |l is regulated by the single Sp1 binding sequence at -46/-37.

MATERIALS & METHODS

hAR prompoter constructs

hAR promoter constructs wera generated by standard cloning procedures (21,22), either using restriction
fragments or DNA fragments obtained by the polymerase chain reaction (PCR)} (23). All fragments wero
inserted in the muiltiple cloning site of the pCAT-basic and pCAT-enhancer plasmids {Promega, Madison WI,
USA). Restriction fragments waere isolated from Gm20 (18] and used 1o generate the following constructs:
phAR-CAT-(E11, Sstl-Acclll {-737/+57); phAR-CAT-{E}2, Rindlil-Acclil {-2.5kb/+57}; phAR-CAT-(E)3, Sstl-
Pstl {-737/+575); phAR-CAT-(E)5, BssHI-Pstl (-125/+575); phAR-CAT-(E)7, Drall-Pstl (-39/+575). The
censtructs generated with PCR fragments are: phAR-CAT-(E)8 [primer AR(-63)], phAR-CAT-(E}4 [Primer AR(-
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5)] and phAR-CAT-3-Sp1-mut1/2/3 [Primers Spl-mut1/2/3]). The sequences of the primers are given below.
An Sstl restriction site (underfined) was added to the primers AR(-83) and AR(-B) to facilitate cloning
procedures, Primers Sp1-mutl/2/3 contain a Nael site (underlined) which is present at position -55 in the hAR
promoter. The mutation introduced in the Sp1 binding sequence {G3 to TT) is indicated.

Primer AR{-63}: 5"-GCAGAGCTCAPGGAGGCCGGLCCEETE-3'

Primear AR{-5) : 5-GCAGAGCTCPCTCCCAGLCGCCCCETCOGA-3”

Primer Sp1-mutl: 5'-AGGAGGCCGGCCCEETHGGEG-3"

Primer Sp1-mut2: 5 -AGGAGGECCGECCCGETGEGHCGGE-3”

Prirmer Sp1-mut3: 5 -AGCAGGCCGGCCCGETEREGEECGHACCC-3”

All primers were used in PCR experiments in combination with primer G (+105/4+1258) (12). The resulting
amplified DNA fragments were digested either with Sstl and Sma | (position +21) in case of AR(-63) and
AR(-5) or with Nael and Smal in case of Sp1-mut1/2/3. The resulting Sst-Smal and Nael-Smal fragments
were inserted in the Ssti-Smal and MNael-Smal sites of phAR-CAT-(E)3, respactively, All PCR generated
fragments were completely sequenced. A typical PCR reaction used 100 pg template piasmid DNA (phAR-

CAT-3), 300 ng of each primer, 0.1U Supartaq (HT Bioctechnology. UK} in a 100 ul volume. Standard
amplification conditions were 1 94°C, 27 50°C and 27 72°C.

Trangfection-, CAT- and $1-nuclease protection assays,

One day prior to transfection, 4 x 10° T47D cells wore seeded in 6 ¢m dishes. Culture medium was
Dutheceo’s MEM supplemeanted with 5% fetal calf serum and antibiotics. Approximately 40% confluent cells
were transfected by the calcium phosphate precipitation method (24) as described previously (18). Cellular
extracts were propared 48 hrs following transfection and CAT activity wos measured as described (19). COS
cells were transfected similarly but 48 hrs following transfection total cellular RNA was prepared by the
guanidine thiocyanate method (25), S1-nuclease protection assays were parformed as described (19). For $1-
probes doublestranded DNA fragments were used that were generated by PCR. For RNA from phAR-CAT-
(E)3/4/5/8/7 transfected COS cells and centrol LNCaP RNA the S1-probe was generated by the primar
combination G and | {18). For RNA from phAR-CAT«(E}1 transfected COS cells primer | was used in
combination with a primer within the CAT ORF, corresponding to position 23861-2385 (5'-
GGCATCGTAAAGAACATTTTGAGGC-3") of the pCAT-anhancer construct (Promega) (Fig.8A}. The RSV-LacZ
plasmid (which contains the RSV-LTR linked to the lacZ reporter genel was kindly provided by Dr. Meijer,
Rotterdam. To identify RSV-lacZ transcripts a probe was generated using a primer within the RSV-LTR (5°-
AAGCACCGTGCATGCCGATT-3"] in combination with a primer in the lacZ gene (5'-
AAGCCGTGRCGGETCTGGETAC-3").

Bandshift and footprint analysis.

Oligonucleotides for bandshift analysis were end-labelled using gamma®P-ATP and T4 polynucleotide kinase
(Gibco BRL, Grand Island, NY), The Spl ccnsensus oligonucleotide was purchased from Promega. Nuclear
protein extracts from Meola cells were prepared as described (26). Approximately 1x10* cpm of DNA wera
used per bandshift with 5-10 ug nuclear protein (27}, The footprint analysis with purified Spl protein was
performed according to a protocol suppliod by the supplier (Promega). The -194/+ 103 Nhellblunt-ended)
fragment of the hAR promoter was inserted in the sense orientation in the Smal site of pTZ 18. The
EcoRI/Hindlll fragment from this clone vwas end-labelled on the EcoR! site, resulting in the specific labelling of
the non-ceding DNA strand. Approximataly 1 x 10° gpm of DNA were used per foolprint experiment, A

Maxam and Gilbert G + A sequence reaction was performead and used as a position marker,
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RESULTS

Functional activity of the hAR promoter in T47D cells

The large first exon of the hAR gene contains the information for the N-terminat
domain of the receptor as well as the complete 1.1 kilobase {kb) 5'-untranstated region
{(5"-UTR} of the hAR mRNA (Fig.1A}19). To measure hAR promoter activity, T47D
mammary tumor cells, which endogenously express hAR mRNA, were transiently
transfected with constructs, containing hAR promoter fragments linked to the
chloramphenicol acetyltransferase {(CAT) reporter gene (Fig.1B, phAR-CAT-1/2/3/4).

a ATG
H
Gm 20 |
— 500 bp
relative
b activity
phAR-CAT- 0 CAT 1
phAR-CAT- 1 rar 1 -s7 CAT 2.1
PhAR-CAT- 2 25 Kb [ .57 CAT 1.3
phAR-CAT~ 3 -737 +575 CAT 225

phAR-CAT- 4 -5 D +575 3.0

FIGURE 1: Functional activity of the hAR promater in T47D celis. A: Overview of Gm 20, a 7.3 kb Hindlil-

Hindlll fragment, cbntaining the first exon of the hAR gone. The open box represents tha 5°-
UTR, the closed box represents the protein coding region. B: Large genomic hAR promoter fragments were
linked to the CAT reporter gene and tested for promoter activity in transient transfection assays of T47D
cells. Tha size of the fragments corresponds 1o the scale drawn in Fig. 1A, Activity is presented relative to
the activity of the phAR-CAT-0 construct, which was arbitrarily set to 1.

Hardly any reporter gene activity was measured with phAR-CAT-1 which containg the -
737/+57 promoter fragment (Fig. 1B). This low activity could not be increased by
additional upstream sequences in phAR-CAT-2 (-2.5kb/+57), but was substantially
increased by downstream sequences in phAR-CAT-3 (-737/+575). The activity
measured with phAR-CAT-32 was dependent on sequences both upstream and
downstream from the transcription start sites as a construct which facked all upstream
sequences except the transcription initiation sites, phAR-CAT-4 (-5/+575), displayed a
low activity, comparable to phAR-CAT-1 and phAR-CAT-2. Summarizing, the data
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indicate that the -5/+57 fragment, encompassing the two transcription start sites,
contains the elements needed for minimal promoter activity. Additional segments, both
upstream (untill -737) and downstream (till +575) of the start sites are able to enhance
the signal above background level.

Identification of AR-TIS | and AR-TIS 1l transcripts in transfected COS celis

The -737/+575 hAR promoter fragment was used as a basis for subsequent
experiments. First it was tested if the two transcription start sites {19) could be
identified by $1-nuclease analysis in cells, transfected with phAR-CAT-3 (Fig.2A). The
inclusion of the hAR 5'-UTR sequences in the construct, however, excluded the use of
T47D cells because an endogencus hAR mRNA signal would also be detected. Since we
were interested in the minima!l hAR promoter which, by definition, would be active in all
cell types, transfection experiments were done in COS cells (which do not express AR
mRNA).

a phAR-CAT-
@ ] — 3
-737 = +575
—_— O T E3
S1-probe CAT 8v40
enhancer
o
b ® o
!
—
< =
& a < . % '

FIGLRE 2: identification of AR-TIS | and AR-T!S |l transcripts in phAR-CAT-(E}3 transfected COS cells. A:

Schematic reprasentation of phAR-CAT-(E)3. Indicated are the homopurine stretch (hatched
area), the GC-box (black area), the transcription initiation sites {arrows} and the probe used in the 57-assays.
B: phAR-CAT-3 and phAR-CAT-E2 were transfected toc COS cells, RNA was isclated and used in S1-nuclease
mapping expariments. RNA from the prostatic tumor cell line LNCaP served as a control. The origin of the
RNA is indicated above each lane.
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Transcripts originating from both AR-TIS | and AR-TIS Il could be identified by $S1-
nuclease protection mapping in phAR-CAT-3 transfected COS cells (Fig. 2B, lane 1),
However, the relative ratio of the AR-TIS | to AR-TIS 1l transcripts markedly differed
from the ratio in controf RNA of T47D cells {data not shown) and of the prostate tumor
cell line LNCaP, which expresses high levels of hAR mRNA and is preferable over T47D
as a control. The AR-TIS | transcript, which is the slightly more abundant one in LNCaP
RNA is the major transcript in phAR-CAT-3 transfected COS cells (Fig. 2B, compare
lane 1 to lane 2). In previous studies we had used SV40 enhancer containing constructs
to deterrnine the location of the transcription initiation sites of the hAR and rat AR (rAR)
promoter and had ohserved no difference in the relative ratio between RNA from
transfected cells and control RNA (18, 28). We therefore generated and tested phAR-
CAT-EZ (Fig. 2A), which is identical to phAR-CAT-3 but contains the SV40 enhancer
sequence downstream from the CAT gene. This resuited in the identification of AR-TIS |
and AR-TIS Il transcripts in a ratio comparable to that of the control RNA (Fig. 2B,
compare lane 3 to lane 4). The finding that the inclusion of the SVv40 enhancer
sequence in phAR-CAT-3 can restore the relative ratio of the twao transcripts indicates
that it is caused by a transcriptional control mechanism and does not result from a
different stability of the two transcripts. As a consequence this implies that
transcription initiation from AR-TIS [ and AR-TIS H is regulated by distinet mechanisms
and/or promoter sequences. This notion was further explored by analysis of promoter
constructs containing deletion and mutant hAR promoter fragments in combination with
bandshift and footprint experiments.

Different hAR promoter seguences regulate AR-TIS | and AR-TIS I utilization

In Fig. 3A the structural organization of the hAR proximal promoter, including the
homopurine stretch, the GC-box and the two transcription initiation sites, AR-TIS | and
AR-TIS ll, is schematically presented. The effect of upstream sequences in transcription
initiation was examined with reporter constructs, starting at positions -737, -125, -83, -
38 and -5, respectively (Fig. 3B, phAR-CAT-3/5/6/7/4). These constructs were
transfected into COS cells together with an internal control plasmid {RSV-LacZ} and the
resulting RNA was analyzed by S1-nuclease protection (Fig. 3C, lanes 1-5}. Seguences
upstream from position -83, including the homopuring stretch, are not essential for
transcription initiation (Fig. 3C, phAR-CAT-3/5/6, lanes 1-3)}, although they do affect
the overall efficiency of initiation. [mportantly, the deletion of additional sequences up
to -39, which include the major part of the GC-box, abolished initiation from AR-TIS 1]
but left initiation from AR-TIS | essentially intact (Fig. 3C, phAR-CAT-6/7, compare
lanes 3 and 4). Initiation from AR-TIS | was below the detection level if sequences up to
-5 were deleted (Fig. 3C, phAR-CAT-4, lane 5). To boost the signals, experiments were
repeated with the comparable 8V40 enhancer containing reporter constructs (Fig. 3B,
phAR-CAT-E3/E5/EG/E7/E4), a selection of which is presented (Fig. 3C, lanes 6-8).
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With regard to AR-TIS I initiation identical results were obtained. If sequences from -83
10 -39 are deleted, even in the presence of the strong SV40 enhancer, initiation from
AR-TIS Il no longer takes place (phAR-CAT-EG/E7, compare lanes 6 and 7). With regard
to AR-TIS [ initiation in the -5/+575 fragment a different result was obtained. In the
presence of the V40 enhancer initiation from AR-T1S | is clearly observed (phAR-CAT-
E4, lane 8). This shows that sequences downstream from -5 have the intrinsic ability to
direct initiation from the correct AR-TIS | position. Detection of AR-TIS [ utilization with
S1-nuclease mapping, however, depends on the presence of additional sequences which
enhance the initigtion frequency. Whereas the $V40 enhancer serves as this additional
sequence in phAR-CAT-E4, hAR promoter sequences upstream from -5 fulfill this role in
the hAR promoter constructs without the SV40 enhancer.

AR-TIS i ytilization: physical evidence_for Sp1 involvement

The experiments described above show that AR-TIS | and AR-TIS Il utilization is
governed by different sequences in the hAR promoter and identify the GC-box region as
the region responsible for AR-TIS Il initiation. To define proteins capable of interacting
with this region, the -63/-32 fragment (Fig. 4A, overlined sequence), was used in
vandshift experiments. Although in addition to the transcription factor Sp1 other
factors, which are capable of interacting with GC-rich sequences have been
documented, the -63/-32 hAR probe produces under several different binding conditions
and with nuclear extracts from different cellular origing (COS, Hela and LNCaP, shown
is Hela) an identical pattern of shifted bands and shows the same sensitivity to
competitor oligonucteotides as a consensus Sp1 binding oligonucleoctide {(Promega) (Fig.
4B, compare lanes 1-5 to lanes 6-10). A sequence, 5-GGGGCGGGAC-3’,
corresponding to & Sp1 binding sequence (Fig. 4A, -46/-37, underlined sequence} is
present in this region (29). Specific interaction between Sp1 and this region was
demonstrated by footprint analysis using purified Sp1 protein (Promega) (Fig. 4C,
compare lanes 1 and 2 to lanes 3 and 4). Sp1 protects the -52/-32 region in the hAR
promoter which encompasses the sequence 5-GGGGCEGGAC-3” (-46/-37) in the hAR
promoter.

a -63 -39
v v
-65 CAAGGAGGCCGGCCCGGTGGEEGCGGGACCCGACTCGCARACT —23

=5
v
=22 GTTGCATTTGCTCTCCACCTCCCAGCCCCCCCTCCGAGATCCC +21
X3 %
L IT
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FIGURE _4: Sp1 interacts with the GC-bex in the HAR promoter, A: Shown is a sequence of 86 hp (-
65/+21) surrounding AR-TIS | and AR-TIS Ii. Endpoints of phAR-CAT-6, phAR-CAT-7 and phAR-CAT-4 are
indicated with arrowheads, The positions of AR-TIS | and AR-TIS Il are shown by an asterisk and indicated by
[ and I, respactively. The Sp1 binding sequence is underlined and the region used as a probe in the bandshift
experiments is overlined. B: Hela nuclear protein extract was used in handshift experiments with a consensus
Sp1 binding olige (lanes 1-5) and the AR -683/-32 probe {lanes 8-10). Competions with 100 fold excess non-
labelled oligo’s ware performed as indicated above each lane.
The upper-strand sequence of the double-stranded oligonucioctides used in the bandshift assays and for
competitions are:
Sp1: 5-ATTCGATCGGGECEGGEECBAGE-3”
AR: B"-AGGAGGCCGGCCCGETGGEGGCEGGACCCGAC-3’
Oct: 5"-TGTCGAATGCAAATCACTAGAA-3'
C: Purified Sp1 protein (Promega) was used in & foolprint experiment with the -184/+ 103 Nhel hAR promoter
fragment. Shown is the protaction over the GC-box. A Maxam and Gilbert G + A reaction was performed and
used as a size marker (lane 1). As the non-coding strand was labelled however this lane should be read as a
C+T sequence. Duplicate experiments wera performed with no Sp1 added to the reaction mixture {lanes 2
and 2) and with Sp1 added 1o the reaction mixture (lanes 4 and 5}.

AR-TIS I! utilization: functional evidence for Sp1 involvement

By deletion mapping and DNA-protein interaction experiments the transcription factor
Sp1 and its binding sequence at -48/-37 in the hAR promoter have beer linked to
initiation from AR-TIS Il but not, or to 2 much lesser extend, from AR-TIS I. To test the
functionality of the Sp1 binding sequence in the context of the -737/4+575 hAR
promoter fragment, a series of clustered point mutations with known effects on Sp1
binding was introduced in the Sp1 binding sequence (Fig. 5A, Sp-mut1/2/3) (27,28).
One mutation (Sp1-mut2) is non-permissive to Spl binding, whereas two similar point
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mutations (Sp1-mutl and Sp1-mut3) are permissive to Sp1 binding to its recognition
sequence (28). COS cells were transfected with the mutant constructs and the resulting
RNA analyzed. phAR-CAT-3 transfected COS cells served as & control. The results are
presented in Fig. 58 and show that the introduction of the permissive point mutations
does not affect start site utilization {compare lane 1 to lanes 2 and 4). The introduction
however of the non-permissive mutation results in the complete absence of the AR-TIS
il transcript (lane 3). Importantly, initiation through AR-TIS | is hardly affected by this
mutation, which is consistent with the results obtained with the promoter deletion
mutants (Fig. 3B). The SV40 enhancer containing construct phAR-CAT-E1-Sp1-mut2,
used in a similar experiment also did not give rise to transcripts originating from AR-TIS
It (data not shown), further substantiating the importance of the Sp1 binding sequence
in initiation through AR-TIS li and not AR-TIS 1.

b = oo
=R

E E-E
=L

o oo

1 I8 i

I :

= = B
phAR-CAT-3 -737———;@&_«-— 576 3 : g : 5 5 5 :
T T CAT T . Q!: & C&
- o : e
TG GGAGCGRGAC CC < L.LT

PhAR-CAT-3-Spl-mutl  T! tGGGCGEGAC CC B a ﬁ ‘g

PhAR-CAT-3-SpT-mut2 TG GGUCGGGAC CC
PhAR-CAT-3-Sptmut3 TG GGAGCGHAC CC

FIGURE 5: An intact Sp1 binding sequence is essential for AR-TIS [1, but not for AR-TIS [, utilization. A;
Schematic ropresentation of phAR-CAT-3 with highlighted the sequence of the Sp1 binding
soquence, Three mutated Sp1 binding sequences that were introduced in phAR-CAT-3, resulting in phAR-
CAT-3-Sp1-mut1/2/3 are shown below. Mutations (GG to tt) are underlined. B: S1-protection rnapping
analysis of RNA isolated from transfected COS cells. The origin of the BNA is indicated above each lans,
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The hAR 5'-UTR downstream of +57 is not involved in_start site selection

The upstream boundary for AR-TIS 1 utilization is located at position -5 (Fig.3). A
downstream boundary was established by transfection of COS cells with constructs
starting at position -737 and containing progressive deletions between position +575
and +57 in SV40 enhancer containing hAR promoter constructs. Because all longer
constructs used gave rise to identical results, only the S1-nuclease protection assay
with RNA isolated from COS cells transfected with phAR-CAT-E1, which contains the
smallest (-737/+57) promoter fragment (Fig.8A} is shown as an example (Fig. 6B, lane
1 [see also Fig. 2B, lane 3 for the -737/+ 575 promoter fragment]).

a phAR-CAT-
~-737 —M +57 [T E1
CAT sv4o
enhancer

S1-probe

phAR-CAT-ET

1 2345

FIGURE 8: Sequonces betwoon +57 and +575 do not affect start site selection. A: Schematic

representation of phAR-CAT-E1. Indicated are the hormopurine stretech (hatched area), the GC-
box (black area), the transcription initiation sites {arrows) and the probe used in the ST-analysis. B: $1-
protaction analysis of RNA isclated from phAR-CAT-E1 transfected COS cells. A sequence ladder, prepared
with the same primer as the S1-probe was run slongside.

Both transeripts from AR-TIS | and AR-TIS 1l could be identified. This experiment, in
combination with the experiments illustrated in Fig. 3 (phAR-CAT-(E)4), indicates that
the minimal promoter requirements for AR-TIS | utilization are contained in the -5/+57
hAR promoter fragment.
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DISCUSSION

The present work is part of a study focussed on the identification of elements
involved in the regulation of expression of hAR mRNA and concerns the characterization
of the hAR minimal promoter. Using transient transfections of COS cells with hAR
promoter constructs followed by St-analysis of the resulting mRNA it was established
that the utilization of the two transcription initiation sites of the hAR promoter, AR-TIS |
and AR-TIS ll, is governed by different promoter sequences. A single Spt1 binding
sequence at -48/-37 is responsible for AR-TIS [l utilization as determined by analysis of
promoter deletion constructs {Fig.3) and constructs containing specific mutations in the
Sp1 binding sequence (Fig.B). Sp1 specifically interacted with this sequence as
determined by bandshift and footprint analysis {Fig. 4). This Sp1 binding sequence
however is not involved in AR-TIS I utilization {Fig.3, Fig.5) which is dependent upon
sequences located between position -5 and +57 (Fig.3, Fig.8). These results are
summarized in the model presented in Fig.7.

FIGURE 7: Overview of the transcription initiation events on the hAR promoter. Shown is a schematic

representation of the hAR proxirmal promoter. Indicated are the homopurine stretch (hatched
aren), the GC-box [black area} amd the transcription initiation sites, indicated as | and [. The Spl1 binding
soquence at -46/-37 is rosponsible for AR-TIS I ytilization but does not affect AR-TIS | selection which is
dependent on sequences between position -5 and +E57.

Although the differential use of overlapping promoter regions, including the use of
closely linked transcription initiation sites, is well established in bacteria and yeast
(31,32}, the hAR gene represents the first gene described in a higher sucaryote with
such a promoter organization.

The Sp1 binding sequence at -46/-37 in the hAR promoter plays a central role in
transcription initiation. First because it determines AR-TIS il initiation and secondly
because it does not influence AR-TIS | utilization. The finding that Sp1 is invoived in
transcription initiation is not unigue. Although initially identified as a factor involved in
specific expression of SV40 early RNA (33), binding sequences for Spi have been
identified in the (proximal) promoters of many cellular genes (29). In model systems of
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TATA-lacking promoters, Sp1 has been shown to be able to mediate transcription
initiation by influencing the formation of a competent transcription initiation complex
(34). However, no natural or synthetic promoter has been described where a single Sp1
binding sequence functions as a minimal promoter. Sp1 always functions with a second
element, which can consist of additional Sp1 binding sequences, a TATA box or an
Initiator {Inr) sequence (35,36, 37). Either the hAR promoter presents an exception to
this rule or a second element is present that was not detected in our experiments but
should be present in all constructs showing AR-TIS Il initiation and thus is located
downstream from position -63. Although no initiator consensus is available as yet the
AR-TIS I sequence (+12/13, CCCCTCT'?C*'3GAGA)} bears some homology to the
described Inr sequence from the terminal deoxynucieotidyl transferase (TdT) gene
{CCCTCA*'TTCT)} (8), to the Inr sequence of the adenovirus major late gene
(TCCTCA*'CTCT) (11) and to the adenovirus IVa2Z gene Inr sequence
{GTCTCA* GAGT) {38) and could represent the second element. The observation that
the Sp1 binding seguences in the distal $V40 enhancer cannot functionally substitute
for the proximal Sp1 binding site in the $V40 enhancer containing constructs would be
in agreement with previous studies on the TdT Inr were it was demonstrated that the
productive interaction between an Inr and an Sp1 binding sequence is distance
dependent (8). In addition, the strong stimulation of AR-TIS Il initiation by the SV40
enhancer in phAR-CAT-E3 (Fig. 2b} can readily be explained by a synergism between
the Sp1 binding sequence at -46/-37 and the distant Sp1 binding sequences (38).
Although the 5V40 enhancer stimulates AR-TIS | initiation (Fig.2b, compare phAR-CAT-
4 and phAR-CAT-E4) the proximal Sp1 binding site is not involved in AR-TIS | selection.
At present the reason for this remains unclear. A more detailed analysis will have to
elucidate the elements involved in AR-TIS 1 selection and the role of Sp1.

Regarding the physiological role of the differential regulation of AR-TIS | and AR-TIS I
initiation no experimental data are available as yet. Although the promoter of the AR
gene has also been characterized for the mouse and rat genes {40,28) and the use of
the AR promoter has been investigated in several human cell lines and rat tissues no
evidence for a differential use of AR-TIS | and AR-TIS Il has been presented so far (18,
41). However the AR is one of the key factors involved in the process of male sexual
differentiation and development (14,15). It can be speculated that two pathways of
transcription initiation that differ in their response to the action of upstream activators
and one of which involves the ubiguitously expressed transcription factor Sp1 facilitates
the fine-tuning of AR expression.
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chloramphenicol acetyltransferase; Inr, initiator.
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CHAPTER Vii: CONCLUDING REMARKS

7.1 Introduction

The gene encoding the AR is located on the X-chromesome. The hAR and mAR
genes have been characterized. Both genes are composed of eight exons and seven
introns. The exact size of the genes is not known as part of the intron information is
lacking. Both the hAR and mAR genes, however, are large, as their size exceeds 90 and
60 kb, respectively. A major AR mRNA species of 10/11 kb is transcribed from these
genes. The AR gene promoter lacks TATA/CCAAT boxes and is not particularly GC-rich.
Two major sites of transcription initiation [referred to as AR-TIS | (+1/2/3) and AR-TIS
W (+12/13)] are located in 2 13 bp region {Chapters Il to V). Analysis of the sequences
involved in start site selection on the TATA-less hAR promoter identified two different,
overlapping pathways of transcription initiation. AR-TIS | utilization is determined by
sequances between -5/4+57, whereas AR-TIS Il utilization is regulated by an Sp1
binding sequence at -47/-38 ({Chapter Vi),

7.2.7 Functional activity_of the hAR promoter

Transient transfection experiments of cultured mammalian cells with promoter
constructs have been performed to investigate the ability of the AR promoter 1o induce
reporter gene activity. In this way it was established that the hAR promoter is
functionally active in two human cell lines, which endogencusiy express hAR mRNA,
notably T47D mammary tumor cells and LNCaP prostatic tumor cells (Faber et al., 1993
[Chapter Vil, and unpublished resuits}. Similarly, the rAR promoter is functionally active
in cultured rat Sertoli cells, which express rAR mRNA, as well as in LNCaP cells (Blok et
al., 1882). In both studies large promoter fragments, which include major parts of the
1.1 and 1.0 kb 5°-UTR of the hAR and rAR mRNA, respectively, were used (-737/+575
and -435/+978, respectively). The addition of more upstream seguences {up to -2.5
and -7 kb for the hAR and rAR promoter, respectively) in the constructs had little
influence on promoter activity. Further, the hAR promoter was found to be functionally
active both in COS monkey kidney cells and in Mela cervix carcinoma ceills, which do
not express hAR mRNA (Faber et al., 1993 [Chapter V], and unpublished results). As it
is likely that a transcriptional control mechanism underlies the difference in expression
levels between the various celi-types, these results suagest that elements, which are
involved in tissue-specific expression of the AR gene, arz not located in the constructs
used so far (also see §7.4). Alternatively, the difference is such that it cannot be
identified in transient transfection assays as it depends on local chromatin structure {the
homopurine stretch?). Therefore, additional studies, including the identification of novel
transcriptional control regions and/or the generation of transgenic mice, carrying various
hAR and/or mAR promoter fragments, linked to a lacZ reporter gene, might be
necessary to clarify the in vivo cell type specific AR expression.
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~unctional regions of the -737/+ 5§75 hAR promoter fragment
The contribution of sequences within the -737/4+ 575 hAR promoter fragment to
the promoter activity was investigated (Faber et al., 1983 [Chapter Vi], and
unpublished results). Both upstream and downstream sequences were needed for high
promoter activity as two deletion constructs lacking either the downstream sequences
{-737/+37) or the upstream sequences {-5/+575) had low activity. However, because
the -5/+575 promoter fragment only can induce initiation from AR-TIS |, it is more
apprepriate to compare the activity of the -63/+ 575 (which can induce initiation from
AR-TIS [ and AR-TIS 11}, and the -737/+ 575 fragments to establish the contribution of
upstream sequences 1o promoter activity. In T47D cells the -737/+ 575 fragment is
approximately five-fold more active than the -83/+575 fragment. In comparison, the -
737/+575 fragment is over one hundred fold more active than the -737/+ 57 fragment,
suggesting that the major contribution to AR mRNA expression is provided by
sequences between +57 and +575. These downstream sequences, which will
ultimately be present in the mRNA, can function at several levels. They can harbor an
intra-genic enhancer to affect the transcription rate of the hAR promoter, they can
affect the stability of the mRNA transcribed from the reporter gene construct or they
can influence the translational competence of this mRNA. At what level the sequences
between +57/+575 in the hAR promoter function remains to established. Preliminary
Northern blotting experiments, however, using RNA from COS celis transfected with
hAR promoter constructs, indicate that the amount of mRNA correlates with the relative
level of reporter gene activity. This would exclude a major effect of the 3-UTR
sequences on translation, but doesnot discriminate between a transcriptional or a
stability effect. In addition, the -737/+ 575 fragment contains approximately half of the
1126 nucleotide 5-UTR of the hAR mRNA. So far, a function of sequences located
between +575 and + 1128, in which a small ORF {+B888/+711, eight amino acids) is
present, is completely unknown. However, the exeriments with the rAR promoter
constructs, in which most of these sequences, including the small ORF, are present,
show that the inclusion of these sequences in the constructs doesnot abolish reporter
gene activity (Blok et al., 1892},
in summary, deletion analysis of the -737/+575 hAR promoter fragment has shown
that downstream sequences make a major contribution to the ability of hAR promoter
fragments to induce reporter gene activity. A minor contribution is made by upstream
sequences.

7.3.71 Transcription initiation_on the hAR promoter

The sequence requirements for initiation from AR-TIS | and AR-TIS [l were
determined using transient transfections of COS cells with hAR promoter constructs,
followed by isolation of RNA from the transfected cells and S1-nuclease protection
assays with probes spanning the initiation sites {(Faber et al., 1883). Although COS cells
do not express AR mRNA, this approach is feasible as the mechanism of basal
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transcription initiation, in contrast to the process of regulated gene expression by gene-
specific factors, is similar in all cell types. In comparison, the archetypal Inr of the TdT
gene, a gene which is normally only expressed in precursor B and T lymphocytes, was
identifiad this way (Smale & Baltimore, 1889).

7.3.2 Transcription initiation from AR-TIS |

Utilization of AR-TIS | is dependent on hAR promoter sequences, located between
-5/+57, as deduced from the observation that both a2 -737/+57 and a -5/+575%
fragment can direct initiation from AR-TIS | (Faber et al., 1993 [Chapter VI]). The -
737/+21 fragment has also been used in similar experiments; it can direct initiation
from AR-TIS |, narrowing down the sequences involved \n AR-TIS | utilization to the -
5/+21 fragment {unpublished results). These findings are in line with the cbservation
that the AR-TIS | sequence is related to an Inr (Chapter |, Fig. 16). Recent experiments
indicate that the AR-TIS | sequence can specifically interact with protein factors,
present in crude nuclear extracts, as determined in bandshift experiments (unpublished
results). It remains to be established if the protein factor, interacting with AR-TIS 1, is
similar to any other factor, previously identified as interacting with [nr sequences and
whether or not this factor is actually involved in the process of transcription initiation
from AR-TIS I. These findings, however, open the possibility for a thorough mutational
analysis of the AR-TIS | sequence in both transcription assays in combination with DNA-
protein interaction experiments.

7.3.3 Transcription initiation from AR-TIS

Utilization of AR-TIS Ul is utterly dependent on the presence of an intact Sp1
binding sequence at -46/-37 (Faber et al.,, 1983 [Chapter VII}. This leads to two
possibilities, either the Sp1 binding sequence is the sole determinant of AR-TIS [l
initiation, or, 2 second element is involved but the assay systems used are not sensitive
enough to detect this element. As sequences upstream from the Sp1 binding sequence
are not involved in transcription start site selection, this putative second element is
located downstream from the Sp1 binding sequence. A potential candidate is the AR-
TIS il sequence {(CCCTCC*'GAGA), which, like the AR-TIS [ sequence, is related to an
Inr, especially the Ad-IVa2 Inr (GTCTCAY'GAGT) {Chapter I, Fig. 18). This Inr belongs
to the TdT inr family for which a four nucleotide sequence (**CTCA*'} is the common
denominator (Weis & Reinberg, 1992). A similar motif (*>3CTCC*") is present in the AR-
TiIS 11 sequence. Additional experiments might include mutational analysis of the AR-TIS
Il sequence, p.e. a C — A mutation at position + 1 should strengthen the Inr potential of
the AR-TIS |l sequence. Also the distance between the $p1 binding sequence and the
AR-TIS 1l sequence can be manipulated. If AR-TIS [l is an Inr, this would not affect the
actual position of AR-TIS 1l initiation, although it could affect the transcription rate from
AR-TIS II. Similar experiments with the TdT Inr showed that correct initiation took place
if the proximal Sp1 binding sequence was between 30 and 66 nucleotides upstream
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from the inr {Smale & Baltimore, 1989). The Sp1/AR-TIS Il distance of 49 nucleotides is
well within this optimum range.

As discussed above, the AR-TIS |l sequence (CCCTC*'CGAGA) is related to, but not
identical to identified Inr sequences. In in vitro reconstitution axperiments RNA
polymerase ll, in combination with the basal transcription factors TFIID, TFUB and TFIIF,
specifically can recognize the Ad-IVa2 Inr through the “*CTCA™*" motif {Carcamo et al.,
1991; Weis & Reinberg, 1892). So far, it has not been possible to demonstrate protein-
DNA interactions between the AR-TIS il sequence and proteins in crude nuclear extracts
in bandshift assays (unpublished results). However, whether or not the AR-TIS 1l
sequence is similar to the Ad-IVa2 type of Inr in this respect remains to be established
by additional protein-DNA binding studies using purified components of the basal
transcription machinery in combination with in vitro transcription assays using wild-type
and mutant AR-TIS il sequences.

7.4 Does the isolated human androgen receptor gene represent the complete

hyman androgen receptor transcription unit?

The isolated hAR gene contains a single promoter region. As discussed in §1.1.2
this makes the hAR gene the "simplest” steroid hormone receptor gene as the heR, hGR
and hPR genes have additional (5-untranslated) exons and/or promoter regions. So far,
no evidence for such regions in the hAR gene exists, although many cDNA libraries
(prostate, epididymis, testis, T47D) have heen screened with hAR probes and LNCaP
hAR mRNA has been specifically analyzed by RACE-PCR (Frohman et al., 1288} with
primers focated in the 5’-UTR of the hAR mRNA (unpublished experiments). However, in
this kind of experiments it is never certain if the appropriate cDNA libraries or the
correct mRNA (with respect to the tissue-specificity or the time point during
development) has been chosen. Therefore, the possibility of additional exons/promoters
in the hAR gene remains.

One promoter region has been identified approximately 1 kb upstream from the ATG
translation initiation codon in exon 1 and functional analysis of more upstream
sequences in the hAR and rAR gene has failed to identify additional regulatory elements.
Some evidence, however, for an additional enhancer sequence comes from the
experiments presented In Chapter VI. The relative ratio of the AR-TIS | t¢ AR-TIS H
transcript in LNCaP and T47D RNA is approximately 1:1, but if phAR-CAT-3, containing
the -737/+575% hAR promoter fragment, is transfected in COS cells, AR-TIS | initiation
is favoured over AR-TIS il initiation. The use of an external $V40 enhancer restores the
1:7 ratio, suggesting that the -737/+575 fragment lacks an important segment,
involved in AR-TIS I utilization. This finding would agree with the recent observation
that Sp1 only functions in proximat promoter regions and is highly sensitive to the
action of upstream enhancers (Seipel et al., 1982). Alternatively, the -737/ +575
fragment contains an enhancer which does not function in COS cells. At the moment,
however, we favor the former possibility as preliminary deletion analysis of the -

102



737/+575 fragment reveals identical promoter segments to be active in LNCaP, T47D
and COS cells {(unpublished results). The appropriate experiment therefore would be to
transiently transfect LNCaP and/or T47D cells with phAR-CAT-3 and establish if the
relative ratio of the AR-TIS | to AR-TIS Il transcript is different from the ratio observed
with endogenous hAR mRNA. If so, this might be taken as evidence for the existence of
an enhancer which is located outside the -737/4+575 fragment. Subsequently, the
location of this enhancer could be determined by mapping DNAse | hypersensitive
regions In the hAR gene locus using nuclei from either LNCaP or T47D cells and/or
testing the effect of other regions in the hAR transcription unit on hAR promoter activity
in stable and transient transfection assays.

7.5 Final remarks

Two different, overlapping pathways of transcription initiation are active on the AR
promoter. So far, the functionality of this promoter organization remains chscure as no
cell lines or tissues, which endogenously express AR RNA, have been observed in which
the relative ratio of the AR-TIS | to AR-TIS Il transcript is different from the 1:1 ratio,
ohserved for LNCaP RNA. As discussed in §7.2.1 and §7.4, additional transcriptional
regulatory elements might be present in the hAR transcription unit. The identification of
such elements and the elucidation of their effect on AR-TIS | and/or AR-TIS Il initiation
might shed light on this question. Alternatively, the mAR gene promoter might be used
to generate transgenic "promoter knockout”™ mice, which are unable to initiate from
either AR-TIS | or AR-TIS Il. For AR-TIS Il initiation, a mutation in the Sp1 binding
sequence might be sufficient. The advantage of such "knockout” mice would be to split
AR-TIS [ from AR-TIS |l initiation and vice versa. It provides an in vivo system the
establish if their is a functional difference between AR-TiS 1 and AR-TIS 1l initiation at
some stage and/or tissue during male development.
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SUMMARY

In this study the androgen receptor (AR} transcription unit is presented. Chapter Il
describes the isolation and characterization of one genomic clone, from which the amino
acid sequence of the N-terminal domain of the hAR was deduced. This amino acid
sequence was characterized by the presence of several homopolymeric stretches, of
which a long Q-stretch (20 residues) and a long G-stretch (186 residues) are most
conspicuous. In combination with a previously described cDNA clone, which encoded
the hAR DBD and LBD, an open reading frame of 2730 bp was deduced. encoding a
protein of 810 amino acids. Next, the compiete coding region of the hAR gene was
isolated from a genomic library, as described in Chapter [II. The information for the hAR
was found t0 be separated over eight exons. The total lenght of the single copy hAR
gene, which is located on the X-chromosome, exceeds S0 kb. As described in Chapter
11, the N-terminal domain is present in one single exon. The DBD is encoded in the exons
2 and 3, with each exon containing the information for one "zinc-finger™. The LBD is
encoded by the exons 4 to 8. Interestingly, the positions of the introns were found to
be conserved between the hAR gene and the ¢PR and hER genes. The experiments
described in Chapter IV extend the work of the Chapters Il and il and deal with the
characterization of the complete hAR cDNA and gene. Northern blot analysis of hAR
mRNA identified two hAR mRNA species of 11 and 8 kb, respectively, in the human
prostatic tumor cell line LNCaP. A full-length hAR ¢DNA was constructed from cDNA
and genomic clones. Structurally, the 11 kb cDNA consists of a long 5°-UTR (1.1 kb), a
2.7 kb ORF, and a very long 3’-UTR (6.8 kb). The complete 5'-UTR and 3’-UTR were
found to he encoded in the exons 1 and 8 of the hAR gene, respectively, fixing the
number of exons in this gene at 8. The promoter of the hAR gene, located 1.1 kb
upstream from the ATG transfation initiatien codon in exon 1, was structurally and
functionally characterized. Two major sites of transcription initiation in 2 13 bp region
were identified by S1-nuclease protection experiments. DNA fragments, spanning these
sites of initiation, conferred promoter activity upon a promoterless reporter gene
construct. S1-nucilease protection experiments with RNA from COS cells, transiently
transfected with these constructs, showed usage of the correct initiation sites.
Structurally, the promoter lacks TATA/CCAAT boxes and potential regulatory elements
consist of a short GC-box (-58/-32), which includes an Sp1 binding sequence (-46/-37),
and a long homopurine stretch (-60/-117). The 3'-UTR contains two equally effective
polyadenylation signals at a mutual distance of 221 bp. In addition, it was shown that
the 8 kb hAR mRNA results from an alternative splice in the 3-UTR, which does not
affect the hAR ORF.

In order to extend findings regarding the AR to different species, it is necessary to
isolate species-specific tools. The experiments, described in Chapter V, deal with the
characterization of the mouse AR protein and gene. Using hAR cDNA probes, the mAR
gene was isolated from a genomic library and found to be similarly organized as the hAR
gene. Sequence analysis of the exons resulted in the prediction of a 2697 bp CRF,
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which can encode a 899 amino acid protein. The structure of this ORF was confirmed
by sequence analysis of mAR cDNA fragments, which were obtained by RT-PCR with
mouse testis cDNA and mAR specific primers. An eukaryotic mAR expression vector
was constructed and the mAR was transiently expressed in COS cells. The expressed
protein was similar in ligand-binding affinity and size to the native mAR. In
cotransfection experiments in Mela cells with an androgen-responsive gene construct,
the mAR was able to transactivate this promoter in a ligand-dependent manner. The
transcription initiation sites of the mAR gene were identified by S1-nuciease protection
expernments with mouse prostatic RNA and RNA from COS cells, transiently transfected
with mAR promoter constructs. The mAR gene promoter was found to be similar to the
hAR gene promoter. Two major sites of transcription initiation are located in 2 13 bp
region, no TATA/CCAAT boxes are present, and potentially regulatory elements consist
of a short GC-box with an Sp1 binding sequence and a long homopurine stretch. In the
3'-UTR, the polyadenylation sites were identified through sequence homo- logy with the
corresponding hAR signals. The size of the mAR ¢DNA, identitified this way is in
accordance with the reported lenght of 10 kb of the mAR mRNA.

Although the hAR and mAR gene promoter lack a TATA-box, transcription initiation
takes place at two well defined positions. The experiments of Chapter VI deal with the
regulation of transcription initiation on the hAR gene promoter. Transient transfections
of COS celis with reporter gene constructs, containing large fragments spanning the
hAR promoter, followed by RNA isolation and S1-nuclease protection assays, showed
correct usage of the two initiation sites of the hAR promoter, AR-TIS | and AR-TIS Ii.
hAR promoter deletion and point mutant constructs were generated and tested in a
similar manner. Surprisingly, transcription initiation through AR-TIS | and AR-TIS 1l is
regulated by different promoter sequences. The GC-box, and more precisely the Spt
hinding sequence {-46/-37), is essential for AR-TIS !l utilization, but hardly affects AR-
TiS [ utilization. Sequences, essential for AR-TIS | utilization, were found to be located
between position -5 and +57, but the protein factors involved remain to characterized.
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SAMENVATTING

In deze studie wordt de androgeenreceptor (AR) transcriptie-eenbeid gepresenteerd.
Hoofdstuk I beschrijfft de isolatie en karakterisering van een genomische kloon, waaruit
de aminozuurvolgorde van het N-terminale domein van de hAR afgeleid werd. Deze
aminozuurvolgorde wordt gekarakteriseerd door de aanwezigheid wvan een aantal
homopolymere reeksen, waarvan een lange Q-reeks (20 residuen) en een lange G-reeks
(16 residuen) het meest in het oog springen. In combinatie met een eerder beschreven
CcDNA kloon, die kodeerde voor het DNA-bindende en het hormoon-bindende gebied van
de hAR, werd een open leesraam van 2730 baseparen (bp) afgeleid, dat kodeert voor
een eiwit van 910 aminozuren. Vervolgens werd het komplete koderende gebied van het
hARgen geisoleerd uit een genomische DNA bank, zoals beschreven in Hoofdstuk lii. De
informatie voor de hAR is verdeeld over 8 exonen. De totale lengte van het hARgen, dat
gelegen is op het X-chromosoom, is groter dan 90 kilobasen (kb). Zoals beschreven in
Hoofdstuk If, is de informatie voor het N-terminale gebied aanwezig In een enkel exon.
Het DNA-bindende gebied wordt gekodeerd door de exonen 2 en 3, waarbij ieder exon
de informatie voor &én "zink-vinger" bevat. Het hormoon-bindende gebied wordt
gekodeerd door de exonen 4 tot 8. Een interessante bevinding was, dat de posities van
de intronen gekonserveerd waren tussen het hARgen en zowel het kippe progesteron-
receptorgen als het humane oestrogeenreceptorgen. De experimenten die worden
beschreven in Hoofdstuk 1V verbreden het werk uit de Hoofdstukken I en lil en
behandelen de karakterisering van het komplete hAR cDNA en gen. Via Northern blot
analyse van hAR mRNA, geisoleerd uit de humane prostaat tumor cellijn LNCaP, werden
twee hAR mRNAs van respectievelijk 11 en 8 kb geidentificeerd. Het komplete hAR
cDNA werd geconstrueerd uit cDNA en genomische fragmenten. Dit 11 kb cDNA
bestaat structureel uit een lang 5'-niet-vertaald gebied (1.1 kb), een open leesframe van
2.7 kb en een erg lang 3’-niet-vertaald gebied (6.8 kb). Het komplete 5'-niet-vertaalde
gebied en 3’-niet-vertaalde gebied worden gekodeerd door respectievelijk exon 1 en 8
van het hARgen, hetgeen het aantal exonen in dit gen op 8 bepaalt. De promotor van
het hARgen, die 1.1 kb voor het ATG translatie start codon in exon 1 gelegen is, werd
structureel en functioneel gekarakteriseerd. S1-nuclease experimenten toonden het
voorkomen van twee preferentile initiatieplaatsen in een gebied van 13 bp aan. DNA
fragmenten, gelegen rond deze initiatieplaatsen, waren in staat activiteit te verlenen aan
een promotorioos reportergen construct. S1-nuclease experimenten, die werden
uitgevoerd met RNA van COS cellen, die kortdurend getransfecteerd waren met deze
constructen, toonden aan dat de correcte initiatieplaatsen gebruikt werden. Structureel
gezien mist de promotor TATA/CCAAT boxen en potentiéie regulerende elementen
bestaan uit een korte GC-box (-59/-32), die een Sp1 bindingsplaats (-46/-37) bevat, en
gen lange homopurine reeks (-80/-117). Aan het esinde van het 3'-niet-vertaalde gebied
werd de aanwezigheid van twee in gelijke mate werkzame polyadenylerings- signalen,
die 221 bp van elkaar lagen, zangetoond. Bovendien werd gedemonstreerd dat het 8 kb
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hAR mRNA wordt gegenereerd door een alternatieve "splice” in het 3'-niet-vertaalde
gebied, die echter geen invioed heeft op het open leesraam van de hAR.

Om bevindingen met betrekking tot de AR te kunnen extrapoleren naar verschillende
species is het nodig om species-specifieke probes te isoleren. De experimenten, zoals
beschreven in Hoofdstuk V, behandelen de karakterisering van het muis AR {mAR]} eiwit
en gen. Het mARgen, dat geisoleerd werd uit een genomische DNA bank, is net zoals
het hARgen georganiseerd. Sequentie-analyse van de exonen resufteerde in het
voorspelien van een 2827 bp mAR open leesraam, dat een eiwit van 889 aminozuren
kan koderen. De structuur van dit open leesraam werd bevestigd door sequentie-analyse
van mAR cDNA fragmenten, die met behulp van RT-PCR met mAR specifieke primers
gegenereerd werden uit muis testis RNA. Een eukaryote expressievector voor de mAR
werd geconstrueerd en de mAR werd kortdurend tot expressie gebracht in COS cellen.
Het tot expressie gebrachte eiwit had een identieke affiniteit voor hormonen en grootte
als de natieve mAR. De mAR was in staat om in cotransfectie experimenten met een
androgeen-gereguleerd reportergenconstruct deze promotor hormoon-afhankelik te
activeren. De transcriptie initiatieplaatsen van het mAR gen werden geidentificeerd via
S1-nuciease experimenten met muis prostaat RNA en RNA, dat geisoleerd was uit COS
cellen, die met mAR promoter constructen getransfecteerd waren. De promotor van het
mARgen is identiek aan de promotor wvan het hARgen. Twee preferentiéle
initiatieplaatsen zijn gelegen in een gebied van 13 bp, er zijn geen TATA/CCAAT boxen
en potentiéle regulerende elementen bestaan uit een korte GC-box met een Sp1
bindingsplaats en een lange homopurine reeks. De polyadenyleringsignalen in het 3'-
niet-vertaalde gebied werden geidentificeerd via sequentichomologie met de
korresponderende hAR signalen. De grootte van het mAR cDNA dat afgeleid kan worden
uit deze experimenten is 10 kb, hetgeen overeenkomt met de gerapporteerde lengte van
het mAR mRNA.

Alhoewel de promotoren van de hAR en mARgenen geen TATA/CCAAT boxen
bevatten, treedt er transcriptie-initiatie op via twee goed gedefinieerde posities. De
experimenten uit Hoofdstuk VI behandelen de regulering van transcriptie-initiatie op de
promotor wvan het hARgen. Wanneer COS cellen worden getransfecteerd met
reportergen constructen, die grote fragmenten rond de hAR promoter bevatten, kan na
isolatie van RNA, via S1-nuclease experimenten worden aangetoond dat de correcte
initiatieplaatsen, AR-TIS | en AR-TIS 11, worden gebruikt. In deze studie zijn constructen
met hAR promotor deletiefragmenten en fragmenten met puntmutaties gekonstrueerd
en op dezelfde manier getest. Een interessante bevinding was dat transcriptie-initiatie
via AR-TIS | en AR-TIS [l door verschillende promotorsequenties gereguleerd worden. De
GC-hox, en precies gezegd de Sp1 bindingsplaats (-46/-37), is essentieel voor het
gebruik van AR-TIS Il, maar heeft weinig invioed op het gebruik van AR-TIS . De
sequenties, die verantwoordelijk zijn voor het gebruik van AR-TIS |, liggen tussen positie
-5 en +57, maar de eiwitfactoren die hierbij betrokken zijn moeten nog gekarakteriseerd
worden.
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NAWOQORD
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wil bedanken voor zijn bijdrage gedurende de laatste fase van het promotie-onderzoek
en het viot doorwerken van het uiteindelijke manuscript. Ook de overige leden van de
promotie-commissie, prof. Bootsma, prof. Grootegoed, en prof. van der Vliet wil ik
bedanken voor het zeer viot deornemen van het proefschrift.
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het praktische werk veel steun mogen ondervinden waarbij de bijdrage van eén persoon
een speciale vermelding verdiend. Henri, bedankt voor de enorme bijdrage aan het
verrichtte werk en vooral de plezierige en stimulerende samenwerking gedurende
pakweg de afgelopen vijf jaar. Verder verdienen alle anderen die aan het praktische
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