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Abstract

We have identified different members of one family affected by
androgen insensitivity syndrome who have deletions of differ-
ent exons of the X-linked androgen receptor (AR) gene. Two
affected (XY ) siblings have a deletion of exon E of the AR gene
and their affected (XY ) aunt has a normal exon E, but a dele-
tion of exons F and G of the same gene. The mother and mater-
nal grandmother of the children both carry the exon E deletion,
but not the exon F, G deletion. Both deletions are 5 kb in length
and have one breakpoint within a 200-bp region in intron 5;
however, they extend in opposite directions. The probability
that these two different deletions have arisen at random is ex-
tremely low, but the cause of this intriguing phenomenon re-
mains to be found. (J. Clin. Invest. 1993. 91:1123-1128.) Key
words: androgen receptor » androgen insensitivity syndrome ¢
mutation « DNA transposable element « site-specific mutagen-
esis

Introduction

The androgen receptor (AR)! belongs to a superfamily of li-
gand responsive DNA-binding transcription factors that in-
cludes the other steroid receptors, the receptors for thyroid hor-
mone, vitamin D, and retinoic acid, as well as a number of
so-called “orphan” receptors, such as the chicken ovalbumin
upstream promoter, identified by homology to this family, but
for which the ligands remain to be found (1, 2). Members of
this superfamily share both DNA sequence and functional ho-
mology. The structure of the androgen receptor, illustrated in
Fig. 1, includes the DNA binding and ligand binding domains,
which share homology with other members of the superfamily,
as well as a variable amino-terminal domain, involved in modu-
lation of transcription activation (3, 4).

The AR gene is located on the X chromosome, at Xql11-12
(5). Mutations in the AR give rise to androgen insensitivity
syndrome (AIS), which has a range of clinical presentations.
The spectrum includes the complete syndrome, (previously
called testicular feminization), in which affected XY individ-
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uals develop as phenotypic females with female external geni-
talia, and also includes individuals with ambiguous genitalia,
as well as phenotypically normal men who are infertile. A num-
ber of reports have identified mutations in the AR gene in
patients with complete AIS (for review, see reference 6). These
reports include point mutations which define amino acids in
the DNA and steroid binding domains absolutely necessary for
normal receptor function, premature termination codons,
aberrant splicing of mRNA, and one deletion of the entire ste-
roid binding domain of the receptor. These studies indicate the
heterogeneity of mutations causing AIS.

We have investigated mutations of the AR gene in one fam-
ily with complete AIS. This family has three affected members
in two generations, two sisters and their maternal aunt. We
have identified a deletion of exon E of the AR gene in the two
sisters, and a deletion of exons F and G in their affected aunt.

Methods

Cell culture. Fibroblasts were cultured from pubic skin biopsies and
maintained in Eagle’s (basal ) medium, 10% FCS, and 100 IU /ml peni-
cillin and 100 ug/ml streptomycin. Cells were incubated at 37°C in
5% CO,.

Androgen receptor assay. Fibroblasts were assayed in 4X 60-mm
dishes, at 80-100% confluency. Cells were assayed using a modification
of our previously published method (7), as follows: Cells were incu-
bated at 37°C for 1 h in serum-free DME, washed in ice-cold PBS, then
incubated at 37°C for | h with 1.0 nM [*H ] methyltrienolone (R1881)
in the presence and absence of 1,000-fold excess unlabeled R1881.
Cells were then placed on ice and washed five times with ice-cold Tris
buffer (20 mM Tris-Cl, 150 mM NacCl, 2 mg/ml BSA, pH 7.4), two
times with ice-cold 150 mM NaCl, dried, then solubilized in 0.1 M
NaOH. A 500-ul aliquot of the cell lysate was counted and protein
content was determined using the Lowry method (8). Specific binding
was calculated by subtracting the nonspecific from the total binding.

DNA isolation. DNA for PCR was isolated from whole blood and
cultured fibroblasts as described (9). DNA for Southern analysis was
isolated using the salting-out lysis method (10) followed by phenol-
chloroform extraction.

Polymerase chain reaction. PCR was carried out using primers cov-
ering each exon, as illustrated in Fig. 2, in a reaction mixture contain-
ing 200 uM dNTPs, 1.0 uM each primer, 100 mM Tris-Cl, pH 8.3, 50
mM KCl, 1.5 mM MgCl,, 0.01% gelatin, 1 ug template DNA and 2 U
polymerase (Amplitaq; Cetus Corp., Berkeley, CA). Reactions were
carried out in a thermal reactor (Hybaid, Teddington, Middlesex, UK),
using the following conditions: 1 cycle of 90°C, 5 min; 60°C, 1 min;
72°C, 6 min followed by 30-45 cycles of 90°C, 30 s; 60°C, 1 min;
72°C, 3 min. PCR products were fractionated on 1.4% agarose gels,
stained with ethidium bromide, and visualized under ultraviolet light.
Primer sequences, with restriction enzyme sites at the 5’ end, were
modified from Lubahn et al. (11) as follows:

Al 5" AACGATCGCCTGTTGAACTCTTCTGAGC,
A2 5' CCAGATCTGTGAAGGTTGCTGTTCCTCA,
A3 5" ATAGTCGACAGGCTACCTGGTCCTGGAT,
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Figure 1. Structure of AR protein and gene. The AR protein (4) has
three domains, the amino-terminal, DNA-binding and steroid-bind-
ing domains. Eight exons (B) encode the AR protein. Exon A encodes
the amino terminal domain, exons B and C encode the DNA-binding
domain, and exons B-H the steroid binding domain. The coding re-
gion of the gene is ~ 2.5 kb, the length of the gene including introns
is ~ 90 kb.

A4 5' GAAGATCTGCCTTACACAACTCCTTGGC,

A5 5' GTGGATCCCACTTCCTCCAAGGACAATT,
A6 5 AATCTAGAGGGTTCTCCAGCTTGATGCG,

A7 5' GTCTGCAGAGTCGCGACTACTACAACTT,
A8 5’ TAAGATCTGGGATAGGGCACTCTGCTCA,
A9 5' ATGTCGACTTCACCGCACCTGATGTGTG,
A10 5' TTCTGCAGAACACAGAGTGACTCTGCCC,
Bl 5' ATCTGCAGCCTGCAGGTTAATGCTGAAGA,
B2 5' CCGGATCCTAAGTTATTTGATAGGGCCTTG,
Cl 5' AGAAGCTTTGGTGCCATACTCTGTCCAC,
C2 5' GAGATCTGATGGCCACGTTGCCTATGAA,
DI 5' GCCTCGAGTTTAGAGTCTGTGACC,

D2 5 ATGGATCCCCCTTATCTCATGCTCC,

El 5’ GOCGAATTCAACCCGTCAGTACCCAGACTGA,
E2 5' ATCTGCAGCTTCACTGTCACCCCATCACCA,
F1 5’ GCAGATCTGGGCTTATTGGTAAACTTCC,

F2 5' TAGGATCCAGGAGCTGGCTTTTCCCTAA,
Gl 5' GCAGATCTTTCAGATCGGATCCAGCT,

G2 5' TAGGATCCTCTATCAGGCTGTTCTCC,

H1 5' ATCTCGAGGCCACCTCCTTGTCAACCAT,
H2 5' TTCCGCGGAACATGTTCATGACAGACTG.

Southern analysis. Southern blots were carried out using standard
methods (12). Hybridization buffer included 50% deionized form-
amide and 200 ug/ml boiled herring sperm DNA, and 200 ng probe
was labeled with 32P using a random primed DNA labeling kit (Boeh-

Exons A B C

O

A3/A4 AT/A8  BVB2 D1/D2 FAF2 HYH2

428 bp 477bp 379 bp 463 bp 302 bp 358 bp

AVA2 AB/AB

A9/A10  CuC2 EVE2 ava2
427 bp 628 bp

202bp 423 bp 2086p 420 bp

Figure 2. PCR fragments for AR gene. The gene was amplified in 12
separate reactions, with exon A amplified in five overlapping frag-
ments and exons B-H amplified in one fragment each. Primers for
exons B-H were homologous to intronic sequences adjacent to the
exons (see Methods) to amplify exonic and splice site sequences.
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ringer Mannheim, Indianapolis, IN). Filters were finally washed in
0.2X standard saline citrate, 0.1% SDS at 65°C. Filters were probed
with segments of the human AR ¢cDNA. pCMV-AR (13), an expres-
sion vector containing the human AR cDNA, was digested with Mboll
and EcoRI to yield probe 1, a 450-bp cDNA fragment from exon D to
mid exon F, and digested with Pstl and EcoRI to yield probe 2, a 514-bp
cDNA fragment from mid exon F to the noncoding region of exon H
(Fig. 3 A).

Results

Pedigree of family with AIS. Fig. 4 shows the family, which
consists of two affected children, genotypic males but pheno-
typic females, (11I-4 and I11-5 ), their mother, an obligate hetero-
zygote, (II-2), an affected aunt, (II-3), the maternal grand-
mother, (I-1), and four normal female sisters of II-2 and II-3.
The affected children and their aunt have identical clinical fea-
tures of AIS, including intra-abdominal testes, female external
genitalia, short vagina, no uterus, and XY karyotype.
Androgen receptor binding. Androgen receptor binding was
measured in genital skin fibroblasts from the three affected
relatives and normal male controls. Genital skin fibroblasts
were cultured and specific receptor binding measured using the

cDNA A [eJc] o [e[F[a]n
480 »» | probe 1
814 bp probe 2
Mboll EcoRI Patl
B 1 3
—3.5 kbe=—
—2.5 kb

— 5.6 kb

— 4.4 kb

— 4.0 kb

Figure 3. Southern blot analysis of family. In B and C, lane / contains
normal male DNA; lanes 2 and 3, the affected children (III-4 and
I11I-5); lane 4, the mother (II-2); lane 5, the aunt (II-3); and lane 6,
the grandmother (I-1). (4) Diagram of the human AR cDNA and
the two fragments used as probes on Southern blots. Probe 1 is a
514-bp Mboll/EcoRI fragment and probe 2 is a 450-bp EcoR1/Pstl
fragment. ( B) BamHI digest hybridized with probe 2. The children
are normal for this region of the gene, and the abnormal 3.5-kb band
in the aunt is indicated with an arrow. (C) Sacl digest hybridized
with probe 1. The mother and grandmother are heterozygotes for the
children’s mutation, but the aunt has a different banding pattern.
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Figure 4. Pedigree of family with receptor negative AIS. The grand-
mother (I-1) and mother (II-2) are heterozygotes for this trait ( half-
shaded circles). The aunt (1I-3) and children (III-4 and III-5) are he-
mizygous affected individuals (shaded circles). A number of normal
women are present in generation II and III who have normal female
karyotype (46XX). Individual II-1 is a heterozygote, and II-4, II-5,
and II-6 are noncarriers (see text). Note that affected individuals are
drawn as female ( circles) because they are phenotypic females, even
through they are genotypically XY.

synthetic androgen methyltrienolone (R1881). All three af-
fected individuals showed very low binding of R1881 (Fig. 5).
The [*H]R1881 bound per milligram protein for the two chil-
dren (I1I-4 and I1I-5) was 4 and 3 fmol, respectively, and 3 fmol
for the aunt (II-3), (normal range, 24-71 fmol/mg).

Amplification of all exons using PCR. Multiplex PCR was
used to amplify all exons of the androgen receptor from the
affected and normal individuals. Exon A was amplified in five
separate fragments and exons B-H were each amplified in sin-
gle PCR fragments (Fig. 2). Both hemizygous children had no
amplification of exon E, but normal amplification of all other
exons. Unexpectedly, the hemizygous aunt had no amplifica-
tion of exons F and G, but normal amplification of all other
exons, including exon E. The heterozygous mother and grand-
mother had normal amplification of all exons, as expected,
because both carry one normal AR gene. Fig. 6 shows the PCR
products from the family and normal controls for exons D and
B (6 4),exons Gand E (6 B), and exons C and F (6 C). Each
PCR was carried out at least 12 times, using DNA from both
blood and cultured fibroblasts collected independently, and re-
sults from blood and fibroblasts were identical in all cases.

A PCR fragment from the 5’ end of exon E to 3’ exon H,
spanning the deleted exons, was amplified from the aunt’s
DNA (Fig. 7 A). The distance between these primers in the
normal genome is ~ 7.5 kb (Fig. 7 B), and no fragment could

Figure 5. Specific an-
drogen binding in cul-
tured genital skin fibro-
blasts. Eight normal
samples, the affected
50 | ° children (III-4 and III-
- 5) and the aunt (II-3)
. - are shown. The normal
30 . range of binding is be-
tween 24 and 71 fmol
3HR 1881 /mg protein,
10 and the children and
aunt have very low lev-
els of binding.
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Figure 6. Multiplex
PCR products. PCR
products amplified from
the family and normal
controls, fractionated
on 1.4% agarose gels. In
each panel, lane / con-
tains the DNA size
standard ¢Xx174 di-
gested with Haelll, lane
2 contains the normal
male control; lanes 3
and 4, the two affected
children (I1I-4 and III-
5); lane 5, their mother
(I1-2); lane 6, the af-
fected aunt (II-3); and
lane 7, the grandmother
(I-1). (4) Exons D
(463 bp) and B (379
bp) present in all indi-

C viduals. (B) Exon G
1 2 3 45 67

(429 bp) deleted in the
aunt and exon E (298
bp) deleted in the two
children. (C) Exon C
PR _ ¢ (423 bp) present in all
-~ S individuals and exon
F (302 bp) deleted in
the aunt.

be amplified from normal samples, but a 2.5-kb specific PCR
fragment was amplified from the aunt. This indicates that she
has ~ 5 kb of DNA deleted between primers E1 and H2. The
grandmother and all normal females in generation II had no
amplification of this fragment, indicating that none of them
carry this deletion. Sequence analysis confirmed that this 2.5-
kb fragment includes all the normal sequence of exons E and H
(data not shown). It was not possible to amplify a PCR product
spanning the exon E deletion of the children. The distance
from exon D to exon F is ~ 10.9 kb, too large to be amplified
even if it contained a large deletion.

The 2.5-kb E1/H2 PCR product from the aunt indicates
that her mutation is a deletion, and is not caused by a mutation
in the hybridization site of one or more of the PCR primers. It
also rules out the possibility that the failure of exons to amplify
was caused by translocations that had breakpoints in the mid-
dle of these exons. Southern analysis on the aunt’s DNA (see
next section) also confirms this. Southern analysis also indi-
cates that the children’s mutation is also a deletion, and not
caused by a translocation or primer hybridization mutation.

Southern analysis localizes deletions. Southern blotting
was carried out using exon-specific probes generated by digests
of AR cDNA (Fig. 3 4). For each restriction enzyme used in
the Southern blots, at least five separate filters were analyzed.
DNA digested with BamHI and hybridized with probe 2
showed a 2.5-kb band in control samples (Fig. 3 B, lane 1), the
same band in the children, who are normal in this region of the
gene (lanes 2 and 3), but a 3.5-kb band in the aunt, lane 5,
indicated with arrow. The mother and grandmother (lanes 4
and 6) had only the 2.5-kb band, but not the 3.5-kb band,
meaning that neither of them carry the aunt’s mutation.

Sacl digests hybridized with probe 1 (Fig. 3 C) identified
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Figure 7. Amplifying across the exon F, G deletion in the aunt. (4)
Exon B (control) and E1/H2 amplified from normal male control,
lane 1; the 2 children (111-4 and III-5), lanes 3 and 4; the mother (II-
2), lane 5; and aunt (1I-3), lane 6. The arrow indicates the 2.5-kb
E1/H2 band amplified from the aunt’s DNA. ( B) Diagram of the 3’
end of the AR gene in the normal genome and the aunt. The distance
between E1 and H2 is ~ 7.5 kb in the normal gene, and 2.5 kb in
the aunt. Deleted sequence in the aunt is indicated by the dashed line.

bands of 5.5 and 4.0 kb in the normal control, a 4.5-kb band in
both children, and all three bands in their mother (lane 4),
confirming that she is a heterozygote for the children’s exon E
deletion. The grandmother also showed the 5.5-kb, 4.0-kb, and
the 4.5-kb bands, indicating that she is also a heterozygote for
the exon E deletion. The aunt showed only the 5.5-kb band,
and another very large band was unresolvable from the undi-
gested DNA.

From restriction analysis, based on the published restric-
tion map of the AR gene (14), we calculate that the size of the
exon E deletion in the children, mother, and grandmother is
~ 5 kb. This deletion includes all of exon E, and has one break-
point 3’ to the HindlIII restriction site in intron 4, and extends
into intron 5, with the other breakpoint immediately 5’ of the
Sacl site in this intron (Fig. 8). The size of the exon F, G
deletion in the aunt is also ~ 5 kb. This deletion includes all of
exons F and G, includes the EcoRlI restriction site in intron 7,
and extends into intron 5, once again to immediately 5’ of the
Sacl restriction site. Both the exon E and the exon F, G dele-
tions have one break point in intron 5, within a 200-bp region,
and the deletions cover ~ 5 kb of DNA each, in opposite direc-
tions.

Southern analysis carried out on the normal females in gen-
eration Il indicates that individual II-1 is a heterozygote for the
children’s deletion, with one normal gene and one gene with
exon E deleted (data not shown). Her two XX daughters have
not yet been tested. The other women in generation II (I1I-4,
II-5 and 1I-6) are not carriers of the exon E deletion. None of
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Figure 8. Localization of deletions from southern analysis. Diagram
shows 3’ end of AR gene. Deletions in the children and aunt are in-
dicated by hatching, and the region of the breakpoint in intron 5 is
indicated with lines. B, BamHI; E, EcoRI; H, HindIII; S, Sacl.

the individuals in generation II except for the affected aunt
carry the exon F, G deletion.

Discussion

We have identified two different exonic deletions of the AR
gene in different members of one family. Two affected sisters
and their heterozygote mother, aunt, and grandmother have a
5-kb deletion of exon E and surrounding introns. An affected
(XY) aunt has exon E present, but a 5-kb deletion of exons F
and G and surrounding intronic sequence. Both deletions have
one breakpoint in the same 200-bp region of intron 5, but they
extend in opposite directions (Fig. 8). Thus, in five individuals
the deleted region is upstream from the common breakpoint,
while in another individual, the deletion is downstream. Exons
E, F, and G all code for the steroid binding domain of the
receptor.

The deletion of exons E and F, G in the affected individuals
is sufficient to explain their receptor negative AIS. Both dele-
tions would alter the reading frame of the downstream exons,
resulting in the production of abnormal receptors, lacking vital
parts of the steroid binding domain. The inability of the recep-
tor to bind ligand would thus render the target tissues unre-
sponsive to androgens. It is extremely likely that the described
AR gene deletions are the cause of the AIS in these individuals.

The significant feature of this family is the fact that there
are two different mutations carried by different affected individ-
uals. Both mutations are deletions, are approximately the same
size, and have one breakpoint immediately 5’ to the Sacl restric-
tion site in intron 5, but they extend in opposite directions in
the gene (Fig. 8). The maternal grandmother (I-1) is a hetero-
zygote, with one normal AR gene, and one gene carrying the
exon E deletion. This exon E deleted gene has been inherited by
two of her normal (XX ) daughters (II-1 and II-2), and in turn
inherited by two of her daughter’s affected (XY) children (1II-4
and III-5). But the grandmother’s affected (XY) daughter (II-
3), who inherited her only X chromosome and AR gene from
her mother, did not inherit the exon E deletion. Her AR gene
has an exon F, G deletion, not found in any other individuals in
generation II, indicating that this new mutation must have
arisen in her mother’s germ cells.

The probability that two different deletions, in the same
region of the same gene, causing the same phenotype, have
arisen at random in related individuals is extremely low, and
we do not believe this to be the case. We have investigated the
question of the maternity of the affected aunt who carries the
new mutation, to discount the possibility of a mix-up of babies



Figure 9. Diagram of puta-
tive recombination events.
Illegitimate recombination
could have caused an exon E
deletion (4) and an exon F,
G deletion (B). The first re-
combination would have oc-
curred between two normal
genes to produce the grand-
mother’s mutation, the sec-
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mother’s germ cells between
a normal gene and an exon
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in a nursery. The aunt was born in a small country hospital in
Tasmania, and we believe the probability of an exchange with
another newborn baby also affected with AIS and also with a
deletion in the AR gene is infinitesimally small. The affected
aunt resembles her mother in appearance, and characterization
of blood types for the aunt and her parents is consistent with
this maternity (data not shown).

There are a number of potential mechanisms that may ex-
plain how this new mutation has arisen. Illegitimate recombina-
tion, crossing over between nonhomologous sequences, could
have occurred in the grandmother’s germ cells between se-
quences in intron 5 of the normal gene and intron 7 of the exon
E deleted gene, producing a gene with exon E present and
exons F and G deleted. Illegitimate recombination has been
reported as producing gene deletions in Fabry disease, asso-
ciated with 2-6-bp direct repeat sequences (15), and in hemo-
philia B associated with an Alu repeat (16). It has been shown
to be mediated by eukaryotic DNA topoisomerase II in vitro
(17), and hotspots for illegitimate recombination have been
identified in mouse cells, associated with DNA topoisomerase I
and II cleavage sequences (18, 19).

However, although illegitimate recombination may be the
mechanism causing the exon F, G deletion, this does not ex-
plain why it would have occurred in a gene with one deletion
already present, nor why both deletions have break points in
the same intronic region. The presence of one deletion may
cause local disruption of the chromosome and predispose it to
further nonhomologous crossing over. It may be that there is a
hotspot for illegitimate recombination in intron 5, perhaps as-
sociated with a DNA topoisomerase cleavage site. We postulate
that two recombinational events have occurred at this site at
different times, producing the two mutations as illustrated in
Fig. 9, caused by a predisposition to illegitimate recombina-
tion. These individuals may have an abnormality in the en-
zymes involved in recombination, resulting in a higher than
normal frequency of recombination. Interestingly, another
branch of this family is affected with familial adenomatous

IX*HI
F G} H

would have been associated
with both recombination

intron 7 events.

polyposis, a dominantly inherited disease caused by mutations
in a recently identified gene on chromosome 5 (20, 21). The
grandmother’s sister and four of her children have been af-
fected by this disease. It could be that this mutation is also
associated with an illegitimate recombination hotspot, and was
caused by the same primary defect having effect at more than
one locus.

Another hypothesis is the possible existence of a transpo-
son-like element inserted in intron 5 which caused different
deletions of adjacent DNA when excised in different cells, thus
causing germline mosaicism in the aunt. Transposable ele-
ments have been identified in many species, from yeast (22)
and maize (23, 24) to Drosophila (25, 26) and mice (27), and
deletions have been identified caused by the excision of adja-
cent transposable elements (23). Transposon-like sequences
have been found in the human genome (28, 29), and the first
case of a functional element inserted in the Factor VIII gene
causing hemophilia A has recently been reported (30, 31). Itis
possible that a small active transposon was present in intron 5
of the grandmother’s DNA, and two different mobilizations
occurred in different cell lineages, causing the two deletions.
This would account for the fact that both mutations are dele-
tions and are associated with one site in the genome. If this is
the explanation, then it would be further evidence for transposi-
tion of DNA in humans.

To our knowledge, there have been no reported cases in
humans of different members of one family having two differ-
ent deletions occurring in the same region of the same gene.
Although the explanation for this phenomenon remains to be
found, it is likely that further analysis of these mutations will
lead to fundamental understanding of the mechanism whereby
new deletion mutations are generated.
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