(1975); A. Takahashi and T. Shimazu, J. Auton.
Nerv. Syst. 6, 225 (1982).

20. J. M. Krueger, J. Walter, C. Dinarello, S. Wolff, L.
Chedid, Am. ]. Physiol. 246, R994 (1984).

21. C. B. Saper, J. Comp. Neurol. 237, 21 (1985); in
Handbook of Physiology: The Nervous System, F. Plum,
Ed. (Elsevier, New York, 1987), vol. 5, pp. 169—
210.

22. M. A. Della-Fera and C. A. Baile, Science 206, 471
(1979); J. N. Crawley and J. S. Schwaber, Brain Res.
295, 289 (1984); C. E. Fulwiler and C. B. Saper,
Neurosci. Letz. 53, 289 (1985); M. O. Micelli, C. A.
Post, D. van der Kooy, Physiol. Behav. 38, 855
(1986).

23. R. W. Lind and A. K. Johnson, Peptides 3, 495
(1982); R. W. Lind, L. W. Swanson, D. Ganten,
Brain Res. 321, 209 (1984); R. W. Lind, R. L.
Thunhorst, A. K. Johnson, Physiol. Behav. 32, 69
(1984); R. W. Lind, L. W. Swanson, D. Ganten,
Clin. Exp. Hypertension A6, 1915 (1984); R. W.
Lind, L. W. Swanson, T. O. Bruhn, D. Ganten,

Brain Res. 338, 81 (1985); R. W. Lind, L. W.
Swanson, D. Ganten, Neuroendocrinology 40, 2
(1985).

24. C. B. Saper, D. G. Standaert, M. G. Currie, D.
Schwartz, D. M. Geller, P. Needleman, Science 227,
1047 (1985); G. Skofitsch, D. M. Jacobowitz, R. L.
Eskay, N. Zamir, Neuroscience 16, 917 (1985); M.
Kawata et al., thid., p. 521; D. Standaert, P. Needle-
man, C. B. Saper, J. Comp. Neurol. 253, 315 (1986);
D. G. Standaert, D. F. Cechetto, P. Needleman, C.
B. Saper, Nature (London) 329, 151 (1987).

25. We thank S. Herbert for excellent technical assist-
ance and Immunex for the sample of recombinant
human IL-1B. This work was supported by USPHS
grants NS22835, HD 07009, and AI 15614; a
grant-in-aid from the American Heart Association;
and grants from the Illinois Department of Public
Health, the Brain Research Institute, the Volwiler
Fund, and the Otho Sprague Foundation.

30 November 1987; accepted 16 February 1988

Molecular Cloning of Human and Rat
Complementary DNA Encoding Androgen Receptors

CHAWNSHANG CHANG, JoHN KOKONTIS, SHUTSUNG L1AO

Complementary DNAs (cDNAs) encoding androgen receptors were obtained from
human testis and rat ventral prostate cDNA libraries. The amino acid sequence
deduced from the nucleotide sequences of the cDNAs indicated the presence of a
cysteine-rich DNA-binding domain that is highly conserved in all steroid receptors.
The human ¢cDNA was transcribed and the RNA product was translated in cell-free
systems to yield a 76-kilodalton protein. The protein was immunoprecipitable by
human autoimmune antibodies to the androgen receptor. The protein bound andro-

gens specifically and with high affinity.

can form specific complexes with intra-

cellular receptors (I). The hormonal
regulation of gene expression appears to
involve interaction of steroid receptor com-
plexes with certain segments of genomes
and modulation of specific gene transcrip-
tion (2). The structural and functional analy-
ses of different steroid receptor domains that
participate in steroid and DNA binding are
now possible largely as the result of the
successful cloning of complementary DNAs
(cDNAs) that code for various steroid re-
ceptors (3—8). Isolation of a cDNA that
encodes the androgen receptor (AR), how-
ever, has not been clearly demonstrated.
Cloning of ¢cDNA for the AR has been
difficult because monospecific antibodies
against the AR have not been available for
screening cDNA libraries.

We report here the preparation and par-
tial structural analysis of cDNA for human
(h) and rat (r) AR. For this purpose, we
used AGT11 cDNA libraries (9) constructed
with polyadenylated RNA (10) from human

l N TARGET CELLS, STEROID HORMONES

The Ben May Institute and Department of Biochemistry
and Molecular Biology, University of Chicago, Chicago,
IL 60637.

324

testis and the ventral prostate of rats that
had been castrated 3 days earlier. The cDNA
libraries were initially screened with a 41-bp
oligonucleotide probe (11) that was highly
homologous to nucleotide sequences in the
DNA-binding domain of glucocorticoid re-
ceptors (GR) (3), estrogen receptors (ER)
(4), progesterone receptors (PR) (5), min-
eralocorticoid receptors (MR) (6), and the
v-erbA oncogene product of avian erythro-
blastosis virus (7).

We obtained 302 and 21 positive clones,
respectively, from approximately 3 x 10°
human testis recombinants and 6 x 10° rat
ventral prostate recombinants. If AR also
has a cysteine-rich DNA-binding domain
that is highly homologous with the DNA-
binding regions of other steroid receptors,
some of these positive clones should contain
cDNA for AR. To eliminate GR-cDNA
clones, we screened these positive clones
with two GR-specific 24-bp probes (11)
that had nucleotide sequences identical to
nucleotide segments immediately next to the
5’ end or the 3’ end of the DNA-binding
region of hGR-cDNA (3). By this method
we were able to eliminate 244 and 14
clones, respectively, as hGR- and rGR-
cDNA clones. With the same procedure, we

did not detect any ER- or PR-cDNA clone
in the human testis library. No ER-cDNA
clone was detected with the rat prostate
library, but one positive clone was obtained
with hPR-specific 24-bp probes (11). By
sequence analysis, we were also able to
identify four other clones as hMR-cDNA
clones (6). All of the remaining clones could
be separated into two groups: 30 human
testis clones had sequences overlapping to
form a 2.1-kb ¢cDNA, whereas 24 human
testis and 6 rat prostate clones had se-
quences overlapping to form a 2.7-kb
cDNA. The 2.1-kb and 2.7-kb cDNAs were
designated as TR2-type (12) and AR-type
cDNA, respectively.

Because the distance between the putative
polyadenylation signal (AATAAA) and the
5’ end in the TR2-type cDNA was only 2.0

Eco RI Ken 1 Eco Rl
i
From AR 132
k—1.0 kb —#—0.9 kb—x

Ken 1 Eco RI Pvu i
1 L] NA }
From AR 5 o e
———— 3.0 kb —{
Cla | Nde |
From pBR322- ¥ ¢
AR-CDNA [ T ———— e
2.6 kb
T7- DNA-binding
promotor domain End
—= 1
AR-CcDNA
! —T
ATG Steroid-binding
omain
s L " L : . .
0 500 1000 1500 2000 2500 = 4000

bp

Fig. 1. Strategy used in the construction of cDNA
for human androgen receptor. A human testis
AGT11 cDNA library that was constructed with
Escherichia coli Y1090 was screened with a 5'-end
32P-labeled 41-bp oligonucleotide probe (1I).
Positive clones were probed with 5’-end and 3'-
end *?P-labeled 24-bp oligonucleotides that were
specific for various steroid receptors (11). A less
stringent hybridization condition was used first to
eliminate most of the non-AR clones. The re-
maining clones were then probed again at the
more stringent conditions. After clones for other
steroid receptors were eliminated, the DNA in-
serts in the remaining clones were analyzed by
restriction mapping and subcloned into M13
vectors for dideoxy sequence analysis (10). Two
clones containing DNA inserts that overlapped to
form a 2.7-kb ¢cDNA were named AR 132 and
AR 5. The cDNA of clone AR 132 was digested .
with Eco RI to obtain a 1.9-kb fragment that was
then digested with Kpn I to obtain a 1-kb Eco
RI-Kpn I fragment. This 1-kb fragment was
ligated to a 3-kb fragment that was obtained by
digestion of another cDNA clone (AR 5) with
Kpn I and Pvu I. The ligated 4-kb fragment was
inserted into Eco RI- and Pvu I-digested
pBR322 vector and used to infect E. coli (DH5¢).
The transformed clones were selected by tetracy-
cline resistance. The plasmid with DNA insert
was digested with Cla I and Nde I to obtain a 2.6~
kb fragment. The fragment was blunt-ended with
the Klenow fragment of E. coli DNA polymerase I
and ligated to the cloning vector pGEM-3Z plas-
mid DNA, which had also been blunt-ended by
digestion with Sma I. The E. coli (DH5a) cells
were transformed with the plasmid, and colonies
containing the plasmid were selected and ampli-
fied. The restriction enzyme sites are shown with
arrows.
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kb (which is considerably shorter than that
in the cDNA of other steroid receptors), we
suspected that the AR-type cDNA rather
than the TR2-type cDNA was the putative
cDNA that encoded AR. To obtain addi-
tional information, we probed a human X-
chromosome library (13) with TR2-type
cDNA and AR-type cDNA fragments. With
TR2-type cDNA fragments we were not
able to obtain positive clones, whereas with
a 1.9-kb fragment (AR 132) of AR-type
c¢DNA from a human testis clone, we ob-
tained three positive clones; this suggested
the presence of an AR-type cDNA sequence
but not a TR2-type cDNA sequence on the
X-chromosome. Because the X-chromosome
is thought to be the chromosome that con-
tains an AR gene (14), this information also
suggested that AR-type cDNA but probably
not TR2-type cDNA had the DNA se-
quence that could encode an AR.

In order to obtain a cDNA containing the
amino acid—oding regions in different
clones, we ligated two DNA fragments pre-

-‘ -
kD =8

n

E ]

1.2 34

Fig. 2. SDS-PAGE analysis of AR synthesized by
cDNA transcription and RNA translation in cell-
free systems. pGEM-3Z vector (20 ug) contain-
ing the 2.6-kb hAR DNA segment was linearized
with restriction enzyme Bam HI, extracted with
phenol-chloroform, and precipitated with etha-
nol. For transcription and translation, the proce-
dures described by the supplier (Promega Biotec)
of the polymerase and reticulocyte lysate were
followed. The linearized plasmid was transcribed
by T7 RNA polymerase and translated in a micro-
coccal nuclease—treated rabbit reticulocyte lysate
in the presence of 40 pCi of [**S]methionine
(800 Ci/mmol; Amersham). The radioactive pro-
tein products were precipitated by trichloroacetic
acid and their radioactivity was determined. SDS-
PAGE (8% acrylamide gel) analysis was per-
formed as described elsewhere (2I). (Lane 1)
Standard molecular size proteins used were car-
bonic anhydrase (30 kD), ovalbumin (46 kD),
bovine serum albumin (69 kD), and phosphoryl-
ase b (92 kD); (lane 2) lysate mixture containing
proteins synthesized when RNA transcribed from
AR cDNA was used in the translation system;
(lane 3) lysate mixture in which translation was
performed without additional RNA; and (lane 4)
lysate mixture containing proteins translated from
Brome mosaic virus RNA.
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pared by restriction enzyme digestion of
two overlapping AR-type cDNAs. After re-
striction enzyme digestion, the DNA seg-
ments in these two clones were ligated,
selected, and amplified by using pBR322
and pGEM-3Z vectors (Fig. 1). The plas-
mid DNA was isolated, and its structure was
analyzed by restriction enzyme mapping and
sequencing.

Since a T7 promoter, but not an SP6
promoter, was found ahead of the 5’ end of
the ligated AR cDNA, T7 RNA polymerase
was used in the transcription of the plasmid
DNA. The transcribed RNA was isolated
and then translated in a rabbit reticulocyte
lysate system. By SDS—polyacrylamide gel
electrophoresis (PAGE) (Fig. 2), we found
that more than 85% of the translated prod-
ucts was a 76-kD protein.

To study the steroid-binding activity of
the protein coded by the cloned cDNA, we
incubated the reticulocyte lysate containing
the newly synthesized protein with 17a-
[*H]methyl-17B-hydroxyestra-4,9,11-trien-
3-one ([*H]R1881), a potent synthetic an-
drogen that binds AR with a high affinity
(15). Using a hydroxylapatite filter assay
method (I6), we observed that one mole-
cule of the 3°S-labeled 76-kD protein ob-
tained from the lysate bound 0.9 = 0.1
(SEM) molecule of the tritiated androgen at

a saturating concentration of ligand. For
this purpose, the binding assay was carried
out with duplicate tubes containing receptor
made in the presence of either [**S]methio-
nine or unlabeled methionine. By Scatchard
plot analysis (17), the apparent dissociation
constant was 0.3 = 0.1 (SEM) nM, which is
within the range of binding constants (0.2
to 4.0 nM) reported previously for AR of
rat (18) and human prostates (19). The
active natural androgen, 17-hydroxy-5a-
androstan-3-one  (5a-dihydrotestosterone)
(15) competed well with [*H]R1881 bind-
ing, but the inactive 5B-isomer (15, 18) that
does not tightly bind to AR did not com-
pete well (Table 1). Testosterone was also
active but to a lesser extent. Dexamethasone,
hydrocortisone, progesterone, and 17B-es-
tradiol did not compete well with the
radioactive androgen for binding to the
protein.

We had found earlier that some older men
with prostate cancers had high titers of
autoimmune antibodies to AR in their se-
rum samples (20). Therefore, we investigat-
ed the possibility that the human autoanti-
bodies could recognize the protein made by
the reticulocyte lysate system. For this study,
we incubated the receptor protein made in
the lysate system with [PH]R1881 to allow
the formation of radioactive AR complexes

h-6R 419 [Lys

h-PR 565 [Lys

v-erbA35 Glu GIn|Cys|Val|Val]Cys Gly Asp|Lys|Ala
c-VDR Arg

Leu [Cys Leu[Val Cys|Ser|Asp Glu Ala Ser Gly Cys His Tyr Gly|Val Esu_.Thr Cys[Gly[Ser|Cys Lys|
h-MR 601 |Lys Ile Cys Leu|Val|Cys Gly Asp Glu Ala Ser Gly Cys His Tyr Gly[ValiValiThr Cys|Gly|Ser|Cys Lys
Ile Cys Leu mCys Gly Asp Glu Ala Ser Gly Cys His Tyr Gly|Val|Leu Thr Cys|Gly|Ser|Cys Lys
Thr [Cys Leu|Ile|Cys Gly Asp Glu Ala Ser Gly Cys His Tyr Gly[Ala]Leu Thr Cys|Gly|Ser|Cys Lys
Thr |Cys Leu]Ile|Cys Gly Asp Glu Ala Ser Gly Cys His Tyr Gly|AlajLeu Thr Cys|Gly|Ser|Cys Lys
h-ER 183 Arg Tyr [Cys|Ala|Val|Cys 55.5’15“59 Tyr|Ala Ser Gly|Tyr|His Tyr Gly|Val{Trp Ser| Cys|Glu|Gly|Cys Lys
h-TR2 Asp Leu [Cys|Val|Val|Cys Gly Asp|Lys|Ala Ser Gly|Arg} His Tyr GlyA_la Val|Thr Cys|Glu|Gly| Cys Lys!
Thr{Gly|Tyr|His Tyr|Arg Cys Ile|Thr Cys|[Glu|Gly|Cys Lys
Ile Cys|Gly|ValjCys Gly Asp|Arg|Ala)Thr{Gly|Phe|His|Phe AsnMet Thr Cys|Glu|Gly| Cys Lys|

h-GR 439|Val Phe Phe Lys Arg|Ala|Val|Glu Gly|GIn]His Asn Tyr Leu Cys Ala Gly Arg Asn Asp Cys Ile Ile Asp
h-MR 625{Val Phe Phe Lys Arg|Ala|Val|Glu Gly|[GIn|His Asn Tyr Leu Cys Ala Gly Arg Asn Asp Cys Ile Ile Asp
Phe Phe Lys ArgjAlaiMet|Glu Gly|{GIn|His Asn Tyr Leu Cys Ala Gly Arg Asn Asp Cys Ilel_VgI_;Asp

h-PR 589 |val

h-AR

r-AR

h-ER 207 Ala

h-TR2 Gly

v-erbA59 Ser(Phe PhelArg|ArgiThr iI1e|GIn Lys*His Pro Thr

c-VDOR Gly|Phe Phe|Arg|Arg [Ser jMet Lys ArgAla Met Phe Thr|Cys

Phe Phe Lys Arg|Ala|Ala|Glu Gly|Lys|GIn Lys|Tyr Leu Cys Ala[Ser|Arg Asn Asp Cys|Thr|Ile Asp
Phe Phe Lys Arg|Ala|Ala]|Glu Gly[Lys{Gln Lys|Tyr Leu Cys Ala|Ser|Arg Asn f\ﬁg Cys
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Pro Phe Asn Gly|Asp Cys
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h-MR 649|Lys Ile Arg Arg Lys Asn Cys|Pro
h-PR 613 |Lys Ile Arg Arg Lys Asn Cys|Pro
h-AR
r-AR
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Ala Cys Arg Leu glrﬁLys Cys |Leu|GInjAla Gly Met|Asn
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Lys|Phe|Arg Arg Lys Asn Cys Pro:Ser;:'Cys Arg Leu Arg Lys Cys Tyr|Glu|Ala Gly Met|Thr
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Lys {His His{Arg|Asn Arg|Cys Glnhyr} Cys Arg Leu|GIn Arg:Cys Ile Ala Phe|Gly Met |Lys GIn Asp Cys
v-erbA85 |Lys Ile[Thr|Arg[Asn GIn|Cys G]n:LetL:Cys Arg EiJlLys Lys Cys|Ile Ser Val|Gly Met |[Ala Met Asp Leu
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Val|Gly Met [Met Lys|Gly|Gly
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Flg. 3. Amino acid sequence alignment of the cysteine-rich DNA binding domain of human AR, GR,
MR, PR, ER, TR2, rat AR, c-VDR, and v-erbA which is identical with a thyroid hormone receptor (7).
The numbers represent the positions of amino acid residues in the individual receptors. Common
residues are boxed with solid lines. The residues in dotted boxes represent those not in common with
others in the solid boxes. In the sequence for v-erb A, there are two more amino acids at the position

marked with an asterisk.
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and then mixed them with a serum contain-
ing autoantibodies. The results indicated a
quantitative immunoprecipitation of the ra-
dioactive AR complexes in the presence of
both the high titer human serum and a
rabbit antibody to human immunoglobulin
G (Table 2). By SDS-PAGE, we also ob-
served that the immunoprecipitated protein
was the 76-kD protein.

The steroid-binding affinity and specific-
ity as well as the immunological property of
the translated protein product strongly sup-
port our contention that the cDNA clone
we prepared codes for a putative AR. The
cDNA (Fig. 1) had an ATG, located ap-
proximately 80 bases from the 5’ end, that
was preceded by the T7 promoter. The open
reading frame was about 2.2 kb, which was
sufficient to code for a protein with more
than 700 amino acids. Near the middle of
the protein, there was a cysteine-rich region
with 72 amino acids whose sequence was
highly homologous to the putative DNA-

binding regions of other steroid receptors
(Fig. 3). In this region, the human and rat
cDNA for AR had identical amino acid
sequences, although different codons were
used for some amino acids. Also in this
region, the homology between hAR or rAR
and other receptors was: GR, 76%; MR,
76%; PR, 79%; ER, 56%; TR2, 46%;
chicken vitamin D receptor (cVDR), 40%;
and v-erbA, 40%. In the putative region for
steroid binding, which has about 200 amino
acids near the carboxyl terminal of steroid
receptors (3-8), the homology between
hAR (or rAR) and hGR, hMR, or hPR was
50% to 55%, whereas the homology be-
tween AR and hER was less than 20%.
Thus, AR appears to be more closely related
to GR, MR, and PR, than to v-erbA, TR2,
or to receptors for estrogen, vitamin D, and
thyroid hormones.

Note added in proof. Since submission of
this report, we have isolated an rAR cDNA
that is capable of encoding a 94-kD protein

Table 1. Androgen-specific binding of human AR coded by cloned cDNA. RNA transcribed from the
cloned cDNA was translated in a rabbit reticulocyte lysate system (see Fig. 2). Aliquots of the lysate
were then incubated with 5 nM [*H]JR1881 (87 C¥mmol) in the absence or presence of 25 nM, 50 nM,
or 250 nM unlabeled steroids. The final incubation volume was 100 pl. Binding of *H-labeled
androgen was measured by the hydroxylapatite filter method (16). The result was expressed as a
percentage of the label bound in the control tube (5000 dpm) without additional unlabeled steroid. The
experiment was repeated three times to assure the steroid specificity. The values of duplicate assay tubes
were within 10% of the average shown in the table.

[*H]R1881-bound (% of control)

Unlabeled steroid
added 25 oM 50 nM 250 nM
R1881 13 10 1
Testosterone 38 28 *
5a-dihydrotestosterone 25 17 6
5B-dihydrotestosterone 89 89 81
17B-estradiol 91 91 86
Progesterone 100 91 92
Dexamethasone 100 93 93
Hydrocortisone 96 90 90

*Not examined.

Table 2. Antiserum to human immunoglobulin was used to precipitate human AR made by the
translation of RNA transcribed from cloned cDNA. The experiment was carried out as described
elsewhere (20). Reticulocyte lysate containing translated AR was incubated with [PH]R1881 as shown
in Table 1. The mixture was then incubated again in the presence or absence of a human male serum
containing antibodies to AR (anti-AR) and rabbit antiserum to human immunoglobulins (anti-IgG).
After incubation, the mixture was centrifuged and the radioactivity associated with the precipitate was
estimated. A human female serum containing no anti-AR was also used for comparison. The standard
errors among duplicate tubes were within 10% of the average values shown. The experiment was

repeated twice to assure reproducibility.

Sample incubated . sl Immunoprecipitable
with PHR1881 Antiserum addition radioactuity (dpm)
AR coded by cDNA¥ None 32
Anti-AR + anti-IgG 8212
Female serum + anti-IgG 430
Anti-IgG 8
Heated ART And-AR + anti-IgG 42
BMV-lysate Anti-AR + anti-IgG 204

%8500 dpm of the *H-labeled AR complexes were used.

+The *H-labeled AR complexes were heated at 50°C for

20 minutes to inactivate receptor and release the radioactive androgen bound before the addition of antiserum.

$Brome mosaic virus (BMV)
from cloned cDNA.
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A was used in the reticulocyte lysate translation system instead of RNA transcribed

as well as a 76-kD protein. The extra amino
acids in the 94-kD protein are present at the
amino terminal of the 76-kD protein.
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