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Androgenic hormones mediate their effects on male

sex differentiation and development through a high

affinity receptor protein. We report here cloning of

the complete coding sequence of the human andro-

gen receptor (hAR). By sequence homology hAR is

a member of the nuclear receptor family, with closest

sequence identity to the progesterone, mineralocor-

ticoid, and glucocorticoid receptors. Regions of

highest homology include the DNA-binding domain

and a small region within the hydrophobic ligand-

binding domain. Comparison of the deduced 919

amino acid sequence of hAR (98,999 mol wt) to the

902 amino acid sequence of rat AR (98,227 mol wt)

reveals identical sequences in the DNA- and hor-

mone-binding domains, with an overall homology of

85%. In human prostate, the major androgen recep-

tor mRNA species is 10 kilobases while a less abun-

dant mRNA is approximately 7 kilobases. Rabbit

polyclonal antibodies were raised against a syn-

thetic peptide from the N-terminal region of hAR.

Immunocytochemical analysis of human prostate tis-

sue demonstrated that AR is localized predomi-

nantly in nuclei of glandular epithelial cells. (Molec-

ular Endocrinology 2: 1265-1275, 1988)

INTRODUCTION

Androgens and their receptor play an important role in

male physiology and pathology. The androgen receptor

(AR) is a member of the steroid receptor family which

is, in turn, part of a larger family of nuclear receptors

(1, 2). These receptors, when bound with the appropri-

ate steroid or other hydrophobic ligands, become trans-
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acting factors regulating transcription of specific genes

(3). ARs bind the male sex steroids, dihydrotestoster-

one and testosterone, and regulate genes necessary

for male sexual differentiation and development (4). In

the genetic male, defects in the AR gene result in a

spectrum of developmental abnormalities ranging from

a phenotypic female to varying degrees of incomplete

masculinization (5). At puberty androgens stimulate

further growth and functional differentiation of the male

reproductive tract. Maintenance of spermatogenesis,

sperm maturation, and accessory sex gland function

are dependent on androgens and their receptor (6).

Human prostate cancers often remain androgen de-

pendent in the early stages of their growth (7). The

need to further understand these diverse actions of

androgens led us to clone the human AR (hAR) (1).

Almost all DNA sequences encoding known members

of the human steroid receptor family have been cloned

and characterized. These include the glucocorticoid (8),

estrogen (9, 10), progesterone (11), mineralocorticoid

(12), and vitamin D receptors (13). In addition, DNA

clones for nuclear receptors outside the steroid recep-

tor group, i.e., the human thyroid hormone receptors

(14, 15) and human retinoic acid receptors (16-19),

have been isolated. More recent isolates have included

DNA clones encoding nuclear receptors for ligands not

yet identified (20).

Earlier reports on cloning the hAR (1, 2) described

amino acid sequences only within the DNA-binding

domain (1, 2) or partial cDNA sequence (21). Proof that

the isolated recombinant clones encoded AR came from

the expression of AR protein with the correct steroid-

binding affinity and specificity. Cloning and complete

sequence analysis of cDNA for hAR, the last of the

known steroid receptors to be cloned, are reported

herein. In addition, AR gene expression in vivo is ex-

amined in human prostate by northern blot analysis of

hAR mRNA and by immunocytochemical localization of

receptor protein.
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Fig. 1. Restriction Map of Overlapping hAR cDNA and Gen-

omic Clones

Complementary clones ARHEL1, 2, 3, and 5 were isolated

from a human epididymis lambda gt11 library and cDNA clone

ARHFL1 was from a human foreskin fibroblast lambda gt11

library. A 15-kbp genomic clone was isolated from a lambda

Charon 35, partial Sai/3A, chromosome-sorted, X genomic

DNA library. The Sst\ genomic fragment, ARXGL2, was se-

quenced from its 3'Sstl site through sequence corresponding

to the 5'-end of cDNA clone ARHEL5. Ends of the clones are

indicated with filled circles. The predicted initiation methionine

(Met), the in-frame stop codon (Stop), and the DNA-binding

domain (•) are indicated. Cloning strategy: cDNA fragments

ARHEL1 and ARHFL1 were obtained using as probe an X-

chromosome sequence (oligo B) described previously (1).

Complementary DNA clones ARHEL2, ARHEL3, and a human

X genomic clone (digested with Sst\ to yield ARXGL2) were

obtained using as probe a 5' 450-bp fragment of ARHEL1.

The cDNA clone ARHEL5 was obtained using a 2.7-kbp Sst\

genomic probe that included ARXGL2. All clones were se-

quenced completely on both strands.

RESULTS

Human AR cDNA Sequence and Derived Protein

Sequence

Two AR cDNA clones, ARHEL1 and ARHFL1, isolated

as previously described (1), contained the entire DNA-

and steroid-binding domains (Fig. 1). A 32P-labeled 5'

450-base pair (bp) fragment of ARHEL1 was used as

probe to isolate two additional cDNA clones from a

human epididymis lambda gt11 cDNA library (ARHEL2

and 3) and a genomic clone from a human X chromo-

some library in Charon 35 containing fragment

ARXGL2. These recombinant DNA inserts yielded over-

lapping sequences spanning the entire N-terminal and

DNA-binding domains (Fig. 1). We predicted that the

hAR gene would contain the entire N-terminal region in

a single exon as reported for the chicken progesterone

receptor gene (22). Coding sequence at the 5'-end was

confirmed with an additional human epididymai cDNA

clone (ARHEL5) isolated by probing with the genomic

DNA fragment (Fig. 1).

The complete sequence of the composite human AR

cDNA, 3.6-kilobase pairs (kbp) in length, is shown in

Fig. 2 together with the deduced amino acid sequence.

It contains an open reading frame of 2757 bp encoding

919 amino acids. At the 5'-end a stop codon was

observed at residue 258, upstream 105 bases from the

initiation methionine at residue 363. The open reading

frame ends with a TGA stop codon at residue 3120.

The conserved cysteines (marked with asterisks in Fig.

2) and other conserved amino acids characterize the

DNA-binding domains of nuclear receptors. A cDNA

fragment in this reading frame encompassing the DNA-

and hormone-binding domains was expressed to pro-

duce a protein that bound androgens with high affinity

and specificity characteristic of the native AR (1, 2). The

cDNA clone contained a series of adenylic acid residues

at its 3'-untranslated end, but there was no efficient

consensus sequence for poly(A) addition. A series of

adenylic acid residues was observed also in hAR gen-

omic DNA (data not shown) suggesting that it is not the

poly(A) tail of the mRNA for hAR.

Structural Comparison of hAR and Rat AR

Human AR amino acid sequence deduced from DNA

sequence was compared to that of rat AR (23). In Fig.

3A 919 amino acids of hAR are aligned with 902 amino

acids of rat AR. Overall amino acid sequence homology

is 85% while at the nucleotide level the homology is

83%. Within the DNA- and hormone-binding domains,

amino acid sequences of the two receptors are identical

(Fig. 3B). The carboxyl-terminal halves of the hAR and

rat ARs, including the DNA- and hormone-binding do-

mains, differ by only seven amino acid residues.

In contrast, the N-terminal regions of hAR and rat

ARs have significant sequence divergence (Fig. 3). The

overall N-terminal homology is only 77% (Fig. 3B),

primarily due to repeated single amino acid motifs,

which though variable in length, generally occur at the

same position. For example, there are 24 repeated

glycines in hAR but only five in rat AR at the same

location. Similarly, five repeated glutamines in hAR cor-

respond in position to 22 glutamines in rat AR (Fig. 3B)

and eight prolines in hAR correspond to a broken

sequence of seven prolines in rat AR (Fig. 3, A and B).

Repeats of glutamine and arginine occur in one receptor

but not in the other. Sequence homology between the

repeats is 78-90% and, at one location, five consecu-

tive alanine residues in hAR correspond to an equal

number in rat AR (Fig. 3B).

Surprisingly, one group of repeated amino acids var-

ied in length within the human species. The 21 gluta-

mines in the hAR were observed in two cDNA clones

(ARHEL5 and ARHEL3), while there were 25 repeated

glutamines at the same location in the genomic clone,

ARXGL2. Since these clones were isolated from inde-

pendent libraries prepared from DNA of different indi-

viduals, the discrepancy in glutamine number may rep-

resent an allelic polymorphism.

Human AR Structural Homology with Other

Members of the Nuclear Receptor Family

The deduced amino acid sequence of hAR was com-

pared to other members of the nuclear receptor family.

In Fig. 4A, schematic drawings of receptor structure

are aligned on the basis of conserved amino acid se-

quences. Human AR is most similar to other receptors

in its DNA-binding domain, where there are sequence

homologies of 82% with the human progesterone re-
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1

120 GACAGACTGTGAGCCTAGCAGGGCAGATCTTGTCCACCGTGTGTCTTCTTCTGCACGAGACTTTGAGGCTGTCAGAGCGCTTTTTGCGTGGTTGCTCCCGCAAGTTTCCTTCTCTGGAGC
240

10 20 30

MetGluValGlnLeuGlyLeuGlyArgValTyrProArgProProSerLysThrTyrArgGlyAlaPheGlnAsnLeuPheGlnSerValArgGluVallleGlnAsnProGlyPro
40 50 60 70

ArgHfsProGluAlaAlaSerAlaAlaProProGlyAlaSerLeuLeuLeuLeuGlnGlnGlnGlnGlnGlnGlnGlnGlnGlnGlnGlnGlnGlnGlnGlnGlnGlnGlnGlnGlnGlu
80 90 100 110

ThrSerProArgGlnGlnGlnGlnGlnGlnGlyGluAspGlySerProGlnAlaHisArgArgGlyProThrGlyTyrLeuValLeuAspGluGluGlnGlnProSerGlnProGlnSer
120 130 H O 150

AlaLeuGlurysHisProGluArgGlyCysValProGluProGlyAlaAlaValAlaAlaSerLysGlyLeuProGlnGlnLeuProAlaProProAspGluAspAspSerAlaAlaPro
160 170 180 190

SerThrLeuSerLeuLeuGlyProThrPheProGlyLeuSerSerCysSerAlaAspLeuLysAspIleLeuSerGluAlaSerThrMetGlnLeuLeuGlnGlnGlnGlnGlnGluAla
200 210 . 220 230

ValSerGluGlySerSerSerGlyArgAlaArgGluAlaSerGlyAlaProThrSerSerLysAspAsnTyrLeuGlyGlyThrSerThrlleSerAspAsnAlaLysGluLeuCysLys
240 250 260 270

1080 GCAGTGTCGGTGTCCATGGGCCTGGGTGTGGAGGCGTTGGAGCATCTGAGTCCAGGGGAACAGCTTCGGGGGGATTGCATGTACGCCCCACTTTTGGGAGTTCCACCCGCTGTGCGTCCC
AlaValSerValSerMetGlyLeuGlyValGluAlaLeuGluHisLeuSerProGlyGluGlnLeuArgGlyAspCysMetTyrAlaProLeuLeuGlyValProProAlaValArgPro
280 290 300 310

ThrProCysAlaProLeuAlaGluCysLysGlySerLeuLeuAspAspSerAlaGlyLysSerThrGluAspThrAlaGluTyrSerProPheLysGlyGlyTyrThrLysGlyLeuGlu
320 330 340 350

GlyGluSerLtjGlyCysSerGlySerAlaAlaAlaGlySerSerGlyThrLeuGluLeuProSerThrLeuSerLeuTyrLysSerGlyAlaLeuAspGluAlaAlaAlaTyrGlnSer
360 370 380 390

ArgAspTyrTyrAsnPheProLeuAlaLeuAlaGlyProProProProProProProProHisProHisAlaArglleLysLeuGluAsnProLeuAspTyrGlySerAlaTrpAlaAla
400 410 420 430

AlaAlaAlaGlnCysArgTyrGlyAspLeuAlaSerLeuHisGlyAlaGlyAlaAlaGlyProGlySerGlySerProSerAlaAlaAlaSerSerSerTrpHisThrLeuPheThrAla
440 450 460 470

GluGluGlyGlnLeuTyrGlyProCysGlyGlyGlyGlyGlyGlyGlyGlyGlyGlyGlyGlyGlyGlyGlyGlyGlyGtyGlyGlyGlyGlyGlyGlyGluAlaGlyAlaValAlaPro
480 490 500 510

TyrGlyTyrThrArgProProGlnGlyLeuAlaGlyGlnGluSerAspPheThrAlaProAspValTrpTyrProGlyGlyMetValSerArgValProTyrProSerProThrCysVal
520 530 540 550 .

LysSerGCuMetGlyProTrpMetAspSerTyrSerGlyProTyrGlyAspMetArgLeuGluThrAlaArgAspHisValLeuProlleAspTyrTyrPheProProGtnLysThrCys
560 * 570 * , 580 590 *

LeulleCysGlyAspGluAlaSerGlyCysHisTyrGlyAlaLeuThrCysGlySerCysLysValPhePheLysArgAlaAlaGluGlyLysGlnLysTyrLeuCysAlaSerArgAsn
600 . 610 . . * 620 630

AspCysThrlleAspLysPheArgArgLysAsnCysProSerCysArgLeuArgLysCysTyrGluAlaGlyMetThrLeuGlyAlaArgLysLeuLysLysLeuGlyAsnLeuLysLeu
640 650 660 670

GlnGluGluGlyGluAlaSerSerThrThrSerProThrGluGluThrThrGlnLysLeuThrValSerHisIleGluGlyTyrGluCysGlnProIlePheLeuAsnValLeuGluAla
680 690 700 710

IleGluProGlyValValCysAlaGlyHisAspAsnAsnGlnProAspSerPheAlaAlaLeuLeuSerSerLeuAsnGluLeuGlyGluArgGlnLeuValHisValValLysTrpAla
720 730 740 750

LysAlaLeuProGlyPheArgAsnLeuHisValAspAspGlr^etAlaVallleGlnTyrSerTrpMetGlyLetXetValPheAlaMetGlyTrpArgSerPheThrAsnValAsnSer
760 770 780 790

ArgMetLeuTyrPheAlaProAspLeuValPheAsnGluTyrArgMetHisLysSerArgMetTyrSerGlnCysValArgMetArgHisLeuSerGtnGluPheGlyTrpLeuGlnlle
• 800 810 820 830

ThrProGlnGluPheLeuCysMetLysAlaLeuLeuLeuPheSerMelleProValAspGlyLeuLysAsnGlnLysPhePheAspGluLeuArgMetAsnTyrlleLysGluLeiiAsp
840 850 860 870

ArgllelleAlaCysLysArgLysAsnProThrSerCysSerArgArgPheTyrGlnLeuThrLysLeuLeuAspSerValGlnProIleAlaArgGluLeuHisGlnPheThrPheAsp
880 890 900 910

Leuleul leLysSerHisMetValSerValAspPheProGlifletMetAlaGlulleileSerValGlnValProLyslleLeuSerGlyLysValLysProIleTyrPheHisThrGln

3120
End

3240
3360
3480 AAACGTTTACTTATCTTATGCCACGGGAAGTTTAGAGAGCTAAGATTATCTGGGGAAATCAAAACAAAAAACAAGCAAACAAAAAAAAAA

Fig. 2. Composite Nucleotide Sequence of hAR cDNA and Deduced Amino Acid Sequence

Nucleotides are numbered on the left. Amino acids are numbered above the sequence beginning with the predicted initiation

methionine. An in-frame stop codon 5' from the predicted initiation methionine is indicated by the double dashed underline. The

38-bp oligonucleotide, oligo B, used in initial screening of cDNA libraries (1), is indicated by the solid overline. The synthetic peptide

to which rabbit polyclonal antibodies were raised is indicated by the solid underline. Conserved cysteines within the DNA-binding

domain are indicated by asterisks. The nucleotide sequence of the hAR is available from GenBank under accession number J03180.
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A
human MEVQLGLGRVYPRPPSKTYRGAFQNLFQSVREVIQNPGPRHPEAASAAPPGASLLLLQQQ 60

rat A I C 54

human QQQQQQQQQQQQQQQQQQETSP-RQQQQQQGEDGSPQAHRRGPTGYLVLDEEQQPSQPQS 119

r a t R R RRR HP I T A E Q 100

human ALECHPERGCVPEPGAAVAASKGLPQQLPAPPDEDDSAAPSTLSLLGPTFPGLSSCSADL 179

rat S G S L T PG P Q I 160

human KDILSEASTMQLL- - - - -QQQQQEAVSEGSSSGRAREASGAPTSSKDN 222

rat G QQQQQQQQQQQQQQQQQ VI V T S S 220

human YLGGTSTISDNAKELCKAVSVSMGLGVEALEHLSPGEQLRGDCMYAPLLGVPPAVRPTPC 282

rat N S S G 280

human APLAECKGSLLDDSAGKSTEDTAEYSPFKGGYTKGLEGESLGCSGSAAAGSSGTLELPST 342

rat LS EGP G E S A SE I S 340

human LSLYKSGALDEAAAYQSRDYYNFPLALAGPPPPPPPPHPHARIKLENPLDYGSAWAAAAA 402

rat V N S H T S 400

human QCRYGDLASLHGAGAAGPGSGSPSAAASSSWHTLFTAEEGQLYGPCGGGGGGGGGGGGGG 462

rat GSV ST P T 445

human GGGGGGGGGG EAGAVAPYGYTRPPQGLAGQESDFTAPDVWYPGGMVSRVPYPSPT 517

rat SSSPSD P S G S SE V N S 500

human CVKSEMGPWMDSYSGPYGDMRLETARDHVLPIDYYFPPQKTCLICGDEASGCHYGALTCG 577

rat EN DST 560

* * * * * *

human SCKVFFKRAAEGKQKYLCASRNDCTIDKFRRKNCPSCRLRKCYEAGMTLGARKLKKLGNL 637

rat 620

human KLQEEGEASSTTSPTEETTQKLTVSHIEGYECQPIFLNVLEAIEPGVVCAGHDNNQPDSF 697

rat N AG DPS M 680

human AALLSSLNELGERQLVHVVKWAKALPGFRNLHVDDQMAVIQYSWMGLMVFAMGWRSFTNV 757

rat 740

human NSRMLYFAPDLVFNEYRMHKSRMYSQCVRMRHLSQEFGWLQITPQEFLCMKALLLFSIIP 817

rat 800

human VDGLKNQKFFDELRMNYIKELDRIIACKRKNPTSCSRRFYQLTKLLDSVQPIARELHQFT 877

rat 860

human FDLLIKSHMVSVDFPEMMAEIISVQVPKILSGKVKPIYFHTQ 919

rat 902

B

2IGln 6Gln
A r-i ^ k /

hAR M

5Arg
.n)AO 1 /

90 80

lOOo.a.

N- terminal

5Gln 8Pro

22Gln

'• 8 5 '

5Ala 24Gly

I

5Ala 5Gly
1 ] /

.i * .

78

DNA

V / / / / A {••••• •

559 624 676

542 607 659.

100 86

Hormone

100 %

919

• • - 1
••v-l
.902

Homoloqy

Fig. 3. Comparison of Deduced Amino Acid Sequences of hAR and Rat AR

A, Amino acid sequence alignment begins at the predicted initiation methionines. Only rat AR amino acid residues (23) that differ

from the corresponding human amino acids are shown. A hyphen indicates a gap in the sequence where there is no corresponding

1268

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
e
n
d
/a

rtic
le

/2
/1

2
/1

2
6
5
/2

7
1
3
6
1
4
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



The Human Androgen Receptor 1269

ceptor (hPR) and 79% with the human mineralocorticoid

(hMR) and human glucocorticoid receptors (hGR). As

described earlier (3, 24), cysteine residues thought to

be critical in zinc finger formation are highly conserved.

However, a histidine at residue 591 or 592 which may

be involved in second finger formation in other recep-

tors, is absent in hAR, as in the retinoic acid (16-19)

and vitamin D receptors (13) and human estrogen re-

ceptor-related proteins (20). Linker regions located be-

tween the DNA- and hormone-binding domains and the

N-terminal regions are variable in size and lower in

sequence homology. Both rat AR and hAR contain long

N-terminal regions like those of hPR (11) and hMR (12).

Also like the N-terminal domains of hPR (11), hGR (8),

and hMR (12), this domain in hAR has a net negative

charge higher than other domains (Fig. 4B). These

negatively charged and relatively hydrophilic N-terminal

domains may play a role in reducing nonspecific binding

to DNA (25). Hormone-binding domains of all steroid

receptors are similar in size, and again hAR most closely

resembles the hPR, hMR, and hGR, with homologies

of around 50%. Compared with the N-terminal region

(Fig. 4B), the steroid-binding domain has a greater

average hydrophobicity, a structural feature consistent

with its binding of hydrophobic steroids.

Despite the overall sequence variability within the

hydrophobic ligand-binding domains, there is a small

region of striking sequence similarity among all mem-

bers of the steroid receptor family and in the retinoic

acid and thyroid hormone receptors. This 23 amino acid

sequence near the 5'-end of the hormone-binding do-

main shows sequence identity of 44-74% (Fig. 4C). If,

in addition, structurally similar amino acids are included

in the comparison, sequence relatedness within this

region increases, ranging from 65-100% (Fig. 4C).

Again, highest AR sequence similarity is with hPR,

hMR, and hGR (Fig. 4C).

Expression of AR mRNA and Protein in the Human

Prostate

Northern blot hybridization with a 32P-labeled hAR

cDNA probe revealed two species of AR mRNA in

poly(A) RNA isolated from benign hyperplastic human

prostate tissue (Fig. 5, lane a). The predominant 10-

kilobase (kb) mRNA species was found also in human

foreskin fibroblasts (Fig. 5, lane b). The 10-kb mRNA is

the major AR mRNA species in rat ventral prostate (Fig.

5, lane c) and other tissues of the rat (23). A 7-kb mRNA

species, prevalent in RNA extracts of human prostate

(Fig. 5, lane a), was present at a relatively low level in

poly(A) RNA from human foreskin fibroblasts (Fig. 5,

lane b). The 7-kb mRNA species has not been observed

in RNA extracts of rat tissue (23) including rat prostate

(Fig. 5, lane c).

Steroid receptor protein localization within tissues

and within specific cell types has been an area of

intense interest, particularly the localization of sex ste-

roid receptors in stromal and epithelial cell types (26-

32). Our studies with rabbit polyclonal antibodies raised

against an AR-specific peptide (23) (shown underlined

in Fig. 2) indicate that AR protein is located in nuclei

primarily of glandular epithelial cells of benign hyper-

plastic human prostate (Fig. 6). Little staining is ob-

served in stromal cell nuclei. Immunostaining was not

observed with control sections using either preimmune

serum or antiserum preabsorbed with the peptide anti-

gen. Nuclear localization of hAR by immunocytochem-

istry provides verification of earlier biochemical (33) and

autoradiographic (34) evidence that the AR is a member

of the nuclear receptor family.

DISCUSSION

We have isolated and sequenced overlapping DNA

clones, 3580 bp in length, which contain the entire

coding region of the hAR cDNA. It is evident from

sequence comparisons that hAR is a member of the

nuclear receptor family which includes steroid hormone

receptors. The deduced 919 amino acids of hAR predict

a protein of 98,999 mol wt, which is somewhat smaller

than the 117,000 mol wt rat receptor determined from

hydrodynamic studies (35). Comparison with the de-

rived rat AR protein sequence of 902 amino acids

(predicted mol wt 98,227) suggests that the AR is highly

conserved across species in its steroid- and DNA-

binding domains. Major differences reside, however, in

the N-terminal domain due largely to single amino acid

repeats.

The discrepancy between the length of the isolated

cDNA sequence (3.5 kbp) and hAR mRNA (7 and 10

kb) remains to be fully explained. The 7-kb human

mRNA species probably results from differential proc-

essing of a precursor mRNA through a pathway not

present in the rat (23). Based on the structure of rat

AR mRNA (23), human AR mRNA could have at least

1 kb of 5'-untranslated region. The remaining difference

in size between mRNA and coding sequence (3-6 kb)

is likely due to a large 3'-untranslated region which is

characteristic of the family of steroid hormone receptors

(8,10,12,13). Poly(A) residues within the 3'-noncoding

region probably acted fortuitously as template for

oligo(dT)-primed first-strand synthesis in preparation of

the cDNA library. Further sequence analysis of the hAR

amino acid. The asterisks indicate conserved cysteines of the DNA-binding domain. Amino acid residue number is indicated on the

right. Abbreviations for the amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, He; K, Lys; L, Leu; M,

Met; N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. B, The schematic drawing compares percent amino

acid homotogy (indicated at bottom of figure) of individual segments (dotted lines) between rat AR and hAR. Amino acid residues

are numbered immediately below the hatched and stippled boxes. Repeated amino acid motifs (>4 in length) within the N-terminal

region are indicated (some by solid boxes).
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N-terminal DNA Hormone
559 624 676 9I9

42I 486 535

I85 250 3I8

I00

77

25

19

I00 I00

542 607 659

I 00 86

567 632 690

82 23

603 668 74I

79 2 2

I00

I00

55

5 4

902

933

984

16 7 9 25 52

<I5 59 19 25

<
10

4 4 < 10 21

hAR (X)

ratAR (X)
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hAR 715 ValValLysTrpAULysAlaLeuProGlyPheArgAsnLeuHisValAspAspGlnMetAlaVallle (100) (l_00)

hPR 729 + t + +Ser + S e r + + + + + + + + i i e + + + UeThrLeu * (74) (100)

hMR 780 + + + + + + Val + + + + Lvs + + ProLeuGlu + + UeThrLeu + (65) (ii)

hCR 5 7 4 A l a + + + + + + i i e + + + + + + +Lei!+ + + + ThrLeuLeu (74) (96)

hER 357 MetlleAsn + + + ArgVaJ, + + + ValAsp + ThrLeuHis + + ValHisLeuLeu (40) (70)

hVitDR 211 + iieGlyPhe + + Metlle + + f + Asp + ThrSerGUj + + • H e t Leu (48) (7_0)

hRetAR 239 Thr + GluPhe + + Gin + + + + ThrThr + ThrUeAla + + IleThrLeuLeu (44) (.70)

hT3R 278 • t AspPhe + • Lys + + Met + CysGlu + ProCysCUu + + I leileLeuLeu (44) (65)

c

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
e
n
d
/a

rtic
le

/2
/1

2
/1

2
6
5
/2

7
1
3
6
1
4
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



The Human Androgen Receptor 1271

a b c

4.4

.4 —

Fig. 5. Northern Blot Analysis of AR mRNA

Poly(A) RNA was isolated and analyzed as described in

Materials and Methods. Shown are autoradiograms of northern

blots containing human prostate poly(A) RNA, 10 ^g (lane a),

human foreskin fibroblast poly(A) RNA, 20 ^g (lane b), and rat

ventral prostate poly(A) RNA, 20 ng (lane c). The 32P-labeled

DNA probe for lane a was a 2.7-kbp Ssfl genomic fragment

containing ARXGL2 (Fig. 1). The probe for lanes b and c was

a 0.7-kbp H/ndlll/EcoRI fragment of cDNA clone ARHFL1

shown in Fig. 1. The hybridizing band at 4.4 kp is thought to

result from cross-hybridization of the AR probe with ribosomal

RNA.

gene will elucidate the size of the 3'-noncoding se-

quence of hAR mRNA.

The putative translation initiation signal of hAR at

nucleotide residue 363 (Fig. 2) begins a long open

reading frame and is preceded by a stop codon 105 bp

upstream at nucleotide residue 268. A second potential

initiating methionine which is also flanked by a consen-

sus translation initiation-like sequence (36) occurs in

reading frame at nucleotide residue 927 (amino acid

residue 189). This second potential in-frame initiation

site would result in a protein of 76,000 mol wt, which

is similar in size to a receptor protein expressed from a

partial hAR cDNA clone by Chang et al. (2). However,

this second methionine is preceded by three out-of-

frame methionines that could interfere with initiation at

the second site. Putative downstream second initiation

sites with initiation-like sequences have been observed

in human and chicken PRs (11, 37), and it has been

suggested that the two initiation sites account for the

A and B forms of the PR (37). At present, however,

there is no compelling evidence that AR mRNA is

translated in vivo to produce two proteins of different

size.

Similarities in sequence and domain structure of nu-

clear receptors provide strong evidence that they

evolved from a common ancestral gene. Furthermore,

sequence homology among AR, PR, MR, and GR sug-

gests that this group diverged from a common prede-

cessor at a different time in evolution than did the

estrogen and vitamin D receptors. The highly conserved

23 amino acid region within the ligand-binding domain

was considered particularly noteworthy and suggested

an important function for this region. Mutations within

the 23 amino acid region have been shown to interfere

with ligand binding (38-40), implicating this region as

part of a hydrophobic ligand-binding pocket. Alterna-

tively, this sequence may be involved in transducing a

ligand-binding signal that converts the untransformed

receptor to its activated DNA-binding form (41). Since

all steroid receptors and receptor mutants that retain

this conserved region can be found in an untransformed

9-1 OS non-DNA binding form (38, 42, 43), it has been

speculated that the 23 amino acid sequence represents

a binding site for a receptor-associated protein such as

the 90-kilodalton heat shock protein (38,41). It appears,

however, that the conserved 23 amino acid region is

not required for binding of an AR associated protein

referred to as 8S-factor (44-46). The 8S-factor interacts

with the intact 117,000 mol wt (4.5S) native receptor

and its 60,000 mol wt (3.6S) proteolytic fragment, but

it does not interact with the 30,000 mol wt (3S) proteo-

lytic fragment which retains steroid-binding properties

of native receptor (47).

Within the N-terminal domain, the amino acid repeat

Fig. 4. Amino Acid Homology Comparisons among Nuclear Receptor Proteins and Hydropathicity of hAR

A, Comparison of hAR deduced amino acid sequence with hPR (11); hMR (12); hGR, (8); hER, human estrogen receptor (9,10);

and hVitDR, human vitamin D receptor (13). Indicated are the percent sequence homologies with hAR {within boxes), amino acid

residue number (above boxes), and chromosomal locations (in parentheses on right) (1, 71). B, A hydropathic plot of hAR was

obtained using a protein structure analysis computer program prepared by the University of Wisconsin Genetics Computer Group

(72) with the algorithm of Kyte and Doolittle (73) and an average window of 15 amino acids. Overall net charge of each receptor

domain is indicated in open boxes at the top. The solid line below the plot indicates the conserved 23 amino acid sequence

described below. C, Comparison of a 23 amino acid region within the steroid-binding domain of members of the nuclear receptor

family. Indicated are amino acids identical to the corresponding hAR sequence (+), absence of a corresponding amino acid (-),

amino acid structurally related to corresponding hAR sequence (underlined), and residue number of the first amino acid (on left).

Also shown is the percent homology with hAR (in parentheses immediately on right) and the percent homology including structurally

related amino acids (underlined in parentheses at far right). Groups of structurally related amino acids are (Ala Ser Thr) (Asn Gin)

(Asp Glu) (He Leu Met Val) (Arg His Lys) (Phe Trp Tyr) according to the MicroGenie computer program. Additional abbreviations

are hRetAR, human retinoic acid receptor (16-19), and hT3R, human thyroid hormone receptor (14,15).
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Fig. 6. Immunocytochemical Localization of AR in Human Prostate

Rabbit polyclonal antiserum raised against a hAR peptide (underlined in Fig. 2) (23) was used to immunostain androgen receptor

in a fixed frozen section of prostate from a patient with benign prostatic hyperplasia using the avidin-biotin peroxidase method

(70). Tissue sections were counter-stained with hematoxylin. Magnification, x450.

motifs of differing length in hAR and rat AR have also

been observed in other steroid receptors. The chicken

PR has a poly-glutamic acid sequence not present in

human and rabbit PR (11, 37, 48). Estrogen receptors

have repeated alanines which vary in length among

human, rat, mouse, chicken, and Xenopus, from none

in the chicken estrogen receptor to nine alanines in the

mouse estrogen receptor (9, 10, 49-52). GRs have a

19 glutamine motif in rat (53), two in human (8), and

eight in mouse (41). In most instances these repeats of

different length occur at the same locations within the

N-terminal region. Other proteins known to have re-

peated amino acids include antifreeze glycoproteins

that depress the blood freezing point of some arctic

fish (54), rat tyrosine hydroxylase (55), and two devel-

opmentally regulated drosophila proteins (56, 57). The

function of these repeat motifs and the significance of

their size variation among species is not known.

A within-species sequence variation in the number of

glutamines in hAR from different human subjects sug-

gests that this N-terminal region may be a site of flux,

perhaps providing a clue to the origin of this type of

repeat. Individual variations point to a possible site for

a frequent polymorphism, perhaps useful in carrier de-

tection and prenatal diagnosis of the androgen insen-

sitivity syndrome (4, 5).

Antibodies that react with hAR were obtained by

immunizing rabbits with a hydrophilic peptide of unique

sequence (23). The antibodies are effective probes for

AR protein and demonstrate its presence in nuclei

primarily in epithelial cells of hyperplastic human pros-

tate. This tissue localization is consistent with an earlier

study of human glandular benign prostatic hyperplasia

using 3H-androgen autoradiography (7) and with our

immunocytochemical studies in rat ventral prostate

where the same antibody detected ARs in epithelial cell

nuclei almost exclusively (23). Other autoradiographic

studies of prostate and human prostate adenocarci-

noma have indicated ARs are located predominately in

epithelial cells (26-28, 34).

The immunocytochemical approach should prove

useful in establishing hormone receptor status in pros-

tate cancer tissue biopsy specimens, providing a new

tool for establishing potential endocrine responsiveness

of prostate tumors. The availability of AR antibody and

DNA probes also makes possible new approaches for

detecting defects in the hAR gene and for defining

structure/function relationships of the receptor protein.

MATERIALS AND METHODS

Isolation and Analysis of AR cDNA and Genomic Clones

A 38-bp synthetic oligonucleotide (oligo B, overlined in Fig. 2)
was used to screen both a human fibroblast and a human
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epididymal cDNA library (1). One cDNA clone was isolated
from each, ARHFL1 and ARHEL1 (see Fig. 1). All other AR
cDNA clones were isolated from an oligo(dT)-primed, bacteri-
ophage lambda gt11, human epididymal cDNA library prepared
as described previously (1, 58, 59). The genomic clone con-
taining ARXGL2 (Fig. 1) was isolated from a bacteriophage
lambda Charon 35, chromosome-sorted, X genomic library
(partial Sau3A, XLAOXNLO1) obtained from L. L. Deaver at
Los Alamos National Laboratory in Los Alamos, NM. (The X
genomic library can now be obtained from the American Type
Culture Collection, Rockville, MD). The AR genomic probe
used to screen the human epididymal cDNA library was a 2.7-
kbp Ssfl fragment containing ARXGL2 and additional upstream
sequence. Libraries were screened (60) with random-primed
(Boehringer Mannheim, Indianapolis, IN) 32P-labeled human
DNA probes as described in the text. Hybridization (61) in 50%
formamide was for 16 h at 42 C. Stringency washing was with
0.1 x SSC (1 x SSC, 0.15 M NaCI and 0.015 M sodium citrate)
with 0.5% sodium dodecyl sulfate at 65 C for 1 h. The positive
clones were isolated (62), subcloned in both orientations into
M13, and sequenced by the dideoxy chain termination method
(63). Oligonucleotides 17-20 bases in length were synthesized
for use as sequencing primers to complete the sequence.
Oligonucleotide primers were prepared for approximately 300
nucleotide intervals. Two independent M13 subclones of each
fragment were sequenced on both strands. Individual AR DNA
sequences were merged and compared with other sequences
using the MicroGenie computer program (Beckman Instru-
ments Inc., Palo Alto, CA).

Northern Hybridization Analysis

Human prostate poly(A) RNA was isolated (64, 65) from a
patient with benign prostatic hyperplasia. RNA was treated
with glyoxal (66) and fractionated on an agarose gel for blot
hybridization (67). The protocol was modified by using Gene
Screen Plus (New England Nuclear, Boston, MA) as the trans-
fer membrane and 0.5% sodium dodecyl sulfate in the hybrid-
ization solutions. The filter was hybridized with the 2.7-kbp
random-primed, 32P-labeled, Sstl genomic probe partially de-
picted in Fig. 1. 32P-Labeled lambda H/ndlll and Phi X Haelll
size markers were analyzed in parallel lanes after end labeling
with 32P-ATP using DNA polymerase I Klenow fragment.

Immunocytochemistry

Rabbit polyclonal antibodies were raised against an AR-spe-
cific peptide (underlined in Fig. 2) by a previously described
method (23,68). The antibody was shown to react with native
AR (23). Prostate tissue was obtained from a patient with
benign prostatic hyperplasia. Frozen sections (6 /xm) were
fixed in 4% paraformaldehyde, incubated with the immuno-
globulin G fraction of immune serum (10 fig/m\) after purifica-
tion on a protein-A agarose column (69) and stained by the
avidin-biotin peroxidase method (70) using diaminobenzidine
tetrahydrochloride as a chromogen.
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