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ABSTRACT

Mutations in the androgen receptor (AR) are associ-
ated with a variety of diseases including androgen
insensitivity syndrome and prostate cancer, but the
way in which these mutations cause disease is
poorly understood. We present a method for distin-
guishing likely disease-causing mutations from
mutations that are merely associated with disease
but have no causal role. Our method uses a meas-
ure of nucleotide conservation, and we ®nd that
conservation often correlates with severity of the
clinical phenotype. Further, by only including muta-
tions whose pathogenicity has been proven experi-
mentally, this correlation is enhanced in the case of
prostate cancer-associated mutations. Our method
provides a means for assessing the signi®cance of
single nucleotide polymorphisms (SNPs) and
cancer-associated mutations.

INTRODUCTION

The androgen receptor (AR) is a member of the superfamily of
nuclear receptors that function as ligand-dependent transcrip-
tion factors. The AR gene (AR) is ~90 kb with eight exons, and
lies on the X-chromosome at Xq11±12. Like other nuclear
receptors, AR contains four domains, the N-terminal domain
(NTD), the DNA-binding domain (DBD), the hinge region and
the ligand- or androgen-binding domain (LBD). The DBD and
the LBD show considerable homology to other nuclear
receptors. The DBD contains two zinc ®ngers and is required
for androgen response element recognition. The 253 residue
C-terminal LBD contains 12 a-helices and the highly
hydrophobic ligand-binding site.

Mutations in the AR are associated with a variety of
diseases. Androgen insensitivity syndrome (AIS) is associated
with germline mutations within the AR. AIS is classed into
three clinical phenotypes, complete (CAIS), partial (PAIS)
and mild (MAIS) insensitivity (1). CAIS patients exhibit a
male genotype with female external genitalia. PAIS patients
exhibit a wide range of phenotypes, often with ambiguous
external genitalia. MAIS patients are sterile and have male

external genitalia. Mutations for each of these phenotypes are
spread throughout the AR, with most mutations occurring in
the LBD in the C-terminal end of the receptor (2).

Unlike AIS, prostate cancer is associated with somatic
mutations in the AR (CaP mutations). In a number of prostate
cancers, somatic mutations are related speci®cally to the
conversion of prostate androgen-dependent tissue to an
androgen-independent state. In two of these cases, speci®c
somatic mutations, T877A and L701H, have been shown to
make the AR more promiscuous for steroid ligands, binding
estrogen, cortisone and other steroid hormones, as well as
androgen (3). T877A has been characterized structurally, and
the mutant residue has been shown to contact the ligand
and alter the structure of the ligand-binding pocket (4),
supporting the hypothesis that these mutations alter ligand
speci®city. The molecular function of the many other prostate
cancer-associated mutations in the AR remains unclear.

Mutations in the AR of diseased patients are used commonly
as markers for AR-associated diseases. A subset of these
mutations probably participates directly in the cause of the
associated disease, but it is not easy to distinguish this subset.
To determine which of these mutations are likely to be
participating in conferring a disease phenotype, some of the
disease-associated mutations in the AR have been character-
ized experimentally. Experimentally characterized mutations
that alter the function of the AR are considered to have their
pathogenicity proven. Polymorphisms and single nucleotide
polymorphisms (SNPs), in particular, may be indicators of
disease susceptibility or factors in polygenic disease (5);
however, it is not usually possible to characterize experimen-
tally all gene alterations including SNPs. Thus, computational
methods that help rank SNPs for likely functional importance
would be useful.

There are a variety of known methods for understanding
how mutations within a locus cause disease (6±8). Wacey et al.
estimated the sequence and structural implications of disease-
associated mutations in the p53 gene (8). Their results showed
that substitution rates of disease-associated mutations correl-
ate with changes in biophysical properties. They used their
results to estimate the clinical observation likelihood (RCOL)
of disease-associated mutations in the p53 gene. We have built
structural models of osteogenesis imperfecta-associated muta-
tions in the collagen COL1A1 gene (9). Our studies have
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shown that disease-associated mutations perturb the structure
of the triple helix of COL1A1 and that some mutations
compensate for lost stability by binding to solvent molecules.
Ng and Henikoff have introduced SIFT, a method for
predicting functional non-synonymous SNPs using homolo-
gous protein sequences (10,11).

In this study, we report on a phylogenetic method
for characterizing the functional consequences of disease-
associated mutations in the AR to elucidate the signi®cance of
these gene alterations. We collected sequences from proteins
that are closely related to the human AR gene, aligned them,
and compared conservation with individual positions with a
list of positions that are in the AR. Conservation is quanti®ed
using a modi®ed form of the entropy metric developed by
Shenkin et al. (12).

MATERIALS AND METHODS

The disease-associated mutations in the AR were identi®ed
from the AR gene mutation database (2). All CAIS, PAIS,
MAIS and CaP missense substitution mutations were collected
from the database, except those that resulted in a stop codon.
The distribution of mutations within the NTD (codons 1±556),
the DBD (codons 556±623) and the LBD (codons 666±918)
was determined.

To determine the level of conservation on speci®c
nucleotide positions within the AR sequence, we employed a
method using evolutionary conservation with disease-
associated mutations (13). The SIFT method (10), developed
by Ng and Henikoff, performs an analysis of non-synonymous
mutations using homologous protein sequences. The method
described here can be applied to both protein and nucleic acid
sequences.

This method collects sequences similar to a gene of interest.
The number of sequences, in this case, is simply the number of
signi®cant sequences (e-value of 10±15 or less) returned by a
BLAST (14) search against SWISS-PROT; and then a series
of sequence alignments is built from them. Sequences returned
are a mixture of both paralogs and orthologs. Conservation is
then quanti®ed at each position, using all sequences at each
position in the alignment.

To quantify the degree of conservation at a position in the
multiple alignment, we chose to use the negative entropy of
each position, using the method developed by Shenkin et al.
(12). The negative entropy was chosen because it can easily
quantify the degree of conservation in a column within a
multiple alignment and has been used before (15). To
calculate the negative entropy for each position in the AR
sequences, we used the following formula for the Shannon
informational entropy:

NE � ÿ
X
AA

P log P

where P is the probability of ®nding a speci®c amino acid in
the alignment column and the entropy is the sum of each
amino acid's P log P term. Perfectly conserved positions have
negative entropy values of zero, and less conserved positions
are greater, with a maximal value depending on the number of
terms in the sum.

After performing a BLAST search, the sequences were
prepared as follows. First, the sequences were collected and
placed into a single ®le in Protein Information Resource (PIR)
format (16). The ®le containing the ranked sequences was then
loaded into ClustalW (17) in order to create a multiple
alignment.

Following the determination of conservation across the
alignment, the negative entropy of each reported mutation in
the AR mutation database was grouped by clinical phenotype,
domain location, and whether its pathogenicity was proven.
Finally, the most and least conserved positions associated with
each phenotype were identi®ed. The most conserved 10
positions from each phenotype were selected and sorted by
position in the chain. In the event of equal negative entropy
values, all positions were listed.

RESULTS

The distribution of mutations within the AR are reported in
Table 1. The majority of the mutations in the AR are in the
LBD.

The human AR sequence was collected from the
SWISS-PROT database, and used to search SWISS-PROT
using BLAST. The search returned a total of 183 sequence hits
with a score of 10e±15 or better. The sequences of the top
scoring sequence hits were retrieved, then aligned with
ClustalW. The alignment contained sequences including the
human AR (ANDR_HUMAN) and included the retinoic acid,
estrogen, glucocorticoid, mineralocorticoid, progesterone and
non-human AR families.

Negative entropy can be used to quantify conservation in a
multiple alignment, where a score of zero is perfectly
conserved and larger numbers re¯ect lesser levels of conser-
vation. The average conservation for each position across the
entire AR is shown in Figure 1. The average negative entropy
for each position in the entire gene sequence is 3.59 6 1.53.
The DBD is highly conserved, with an average negative
entropy of 1.69 6 1.50. The LBD is less conserved, with an
average negative entropy of 2.15 6 0.90.

Table 2 shows the average conservation of the mutations in
the database. CAIS and PAIS mutation positions are overall
more conserved than baseline. MAIS mutation positions are
conserved similarly to the baseline. Prostate cancer mutation
positions are conserved more overall than baseline.

Mutations where the pathogenicity is considered `proven'
helped clarify the degree of mutation conservation, particu-
larly with the CaP mutations. CAIS and PAIS mutations are
highly conserved, while MAIS mutations are generally less
conserved. Interestingly, the largest difference in con-
servation, when only the subset of mutations with proven

Table 1. Distribution of mutations in the AR gene mutations database (2)

CAIS PAIS MAIS CaP

Mutations in complete gene 83 65 16 50
DBD 12 13 1 5
LBD 67 50 9 32
Pathogenicity-proven mutations 42 32 9 14

The DBD consists of residues 534±625, and the LBD consists of residues
664±919.
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pathogenicity is included in the data, is in prostate cancer-
associated mutations. With these mutations, the average
conservation increases by 35% (Fig. 2).

The most conserved and least conserved positions are listed
in Table 3. Many CAIS, PAIS and CaP positions are highly
conserved, while few MAIS positions are. The histogram
distribution comparing MAIS (A) and CaP (B) with the CAIS
and PAIS mutations is shown in Figure 3.

DISCUSSION

This work supports the use of disease-associated mutations for
understanding functional characteristics of protein products of
genes. SNPs can be used as disease markers, but they can also
yield useful functional information when analyzed using
techniques such as ours.

The degree of conservation of disease-associated nucleotide
positions seems to correlate with the severity of the phenotype.
The ®nding that CAIS mutations and PAIS mutations are more
conserved than MAIS mutations (Table 2) illustrates that, in
some cases, functionally important phenotypic characteristics
can be ranked by relative degrees of conservation. In
particular, because the degree of conservation in MAIS is
up to three times lower, base changes in these nucleotides
may have evolutionary signi®cance, as changes in these
nucleotides result in a much milder phenotype.

The median degree of conservation of the CaP positions
can be due to somatic mutations within those ARs which

display a gain of function, as opposed to a loss of function. In a
number of cases, the receptors become promiscuous and
respond to a number of different ligands (3). Thus, mutation
positions within those CaP ARs may be less conserved than
mutation positions that confer a loss of function. The
difference in conservation of MAIS mutations when compared
with more severe mutations suggests that mutations ranked by
our method may have measurable clinical differences.

The use of pathogenicity-`proven' experimental mutation
data also shows a strong correlation. Perhaps most interest-
ingly, when experimentally proven prostate cancer mutations
are compared with all of the prostate cancer mutations in AR,
we observe a signi®cant enrichment in conservation, which is
not observed in CAIS, PAIS or MAIS (Fig. 2). Because the
signi®cance of many reported somatic mutations is unclear, it
may be possible to distinguish the subset of cancer-associated
mutations that play a more signi®cant role in cancer ontology.
Furthermore, it is interesting to note that there is much
uncertainty associated with reported prostate cancer-
associated mutations in the AR (18,19).

Our results suggest that knowledge of conservation can be
used as a ®lter or ranking mechanism for SNP data, to identify
the most functionally important gene sequence positions.
Databases of phenotypically annotated polymorphisms con-
tain large amounts of uncertain data, primarily because
polymorphisms are assumed to be benign and have no
phenotypic expression. Use of conservation across the
positions in the gene as a ®lter can suggest which positions

Figure 1. Conservation across the AR gene. Plot illustrating the conservation of the AR using the domain alignment. The different lines illustrate the
approximate locations of the three major domains across the AR. Domains are de®ned as: the N-terminal domain (NTD, codons 1±556), the DNA binding
domain (DBD, 557±623), and the ligand binding domain (LBD, 666±918). The NTD is dashed, the DBD is dotted, and the LBD is solid.

Table 2. Average conservation of phenotypically annotated mutations in the AR

CAIS PAIS MAIS CaP Gene average

Complete gene mutations 1.81 6 1.03 1.94 6 1.21 3.21 6 1.34 2.58 6 1.46 3.59 6 1.53
DBD 0.44 6 0.59 1.22 6 1.28 4.93a 0.66 6 0.48 1.69 6 1.49
LBD 1.95 6 0.83 2.02 6 1.01 2.14 6 0.55 2.20 6 0.81 2.15 6 0.423
Pathogenicity-proven 1.88 6 1.09 1.95 6 1.05 3.35 6 1.21 1.91 6 0.94 N/A

All values are followed by the standard deviation. All positions were used. Positions with multiple phenotypes associated with them were reported separately
for each phenotype. The DBD is residues 534±625, and the LBD is residues 664±919. `Gene average' the average of all positions within the gene product.
aOnly one value.
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are most likely to be disease associated. Although it is not
clear if this ®nding will generalize to other diseases, it is
intriguing to consider the possibility that mutations in the most
conserved regions will cause more severe phenotypes than
others.

In conclusion, we have applied a simple method based on
evolutionary relationships for ranking disease-associated

mutations and polymorphisms based on likely functional
signi®cance. We have applied this method to the AR and have
found that disease-associated mutations correlate strongly
with the degree of conservation. When phenotypes are
compared, we ®nd that the degree of conservation correlates
with severity of disease for the AR. These correlations are
strongest when only mutations whose pathogenicity is proven
experimentally are included. Interestingly, pathogenicity-
proven somatic prostate cancer mutations are more conserved
than all reported cancer mutations. This result suggests that

Figure 3. Histogram of mutation data by phenotype. (A) Histogram of all
CAIS and PAIS reported mutations compared with MAIS mutations. Plots
normalized to 1.0. (B) Histogram of all CAIS and PAIS reported mutations
compared with CaP mutations. Plots normalized to 1.0.

Table 3. Most and least conserved disease-associated positions within the
AR gene

CAIS PAIS MAIS CaP

Most conserved
611 0.0 608 0.034 724 1.357 619 0.0
601 0.034 615 0.034 814 1.680 580 0.291
615 0.034 582 0.068 790 1.930 720 0.759
559 0.068 725 0.196 788 2.040 586 1.002
576 0.068 838 0.230 793 2.079 575 1.005
579 0.068 733 0.280 795 2.154 587 1.017
585 0.068 728 0.348 824 2.255 743 1.064
571 0.174 568 0.392 871 2.426 741 1.197
732 0.220 737 0.617 886 3.337 629 1.218
723 0.537 578 0.675 390 3.727 866 1.268
Least conserved
255 4.324 2 5.186 548 4.935 54 5.160
853 4.255 547 4.803 230 4.910 57 5.137
907 4.121 645 4.452 511 4.746 340 5.111
916 3.942 664 4.355 214 4.638 194 5.099
917 3.924 703 3.915 210 4.576 64 5.035
889 3.767 909 3.834 211 4.549 269 5.033
390 3.727 889 3.767 390 3.727 112 4.957
657 3.180 911 3.715 886 3.337 266 4.957
779 3.142 854 3.650 871 2.426 180 4.726
855 3.080 913 3.525 824 2.255 647 4.403

Figure 2. Conservation of pathogenicity-proven mutations compared with
conservation of `all mutations'. `All mutations' are all mutation positions
identi®ed in the coding regions of the AR. Pathogenicity-proven mutations
are only those mutations that have been shown experimentally to have a
functional effect, as annotated in the AR mutation database (2). The average
conservation of a mutation is directly related to the negative entropy value.
The average negative entropy for the entire gene is 3.59 6 1.53.
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mutations annotated with a phenotype as it relates to prostate
cancer is highly uncertain and that our method can be used to
®lter large amounts of SNP data to rank SNPs by functional
importance.
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