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Disease genes may be identified through functional,
positional, and candidate gene approaches. Although
extensive and often labor-intensive studies such as
family linkage analysis, functional investigation of
gene products and genome database searches are
usually involved, thousands of human disease genes,
especially for monogenic diseases with Mendelian
transmission, have been identified. However, in dis-
eases caused by more than one gene, or by a combina-
tion of genetic and environmental factors, identifica-
tion of the genes is even more difficult. Common
examples include atherosclerosis, cancer, Alzheimer’s
disease, asthma, diabetes, glaucoma, and age-related
macular degeneration. There have been conflicting re-
ports on the roles of associated genes. Even with pop-
ulation-based case-control studies and new statistical
methods such as the sib-ship disequilibrium test and
the discordant alleles test, there is no agreement 
on whether a2-macroglobulin (A2M) is a gene for Alz-
heimer’s disease. Another example is the inconsistent
association between age-related macular degenera-
tion and ATP-binding cassette transporter (ABCR).
Ethnic variation causes further complications. In our
investigation of LDL-receptor variants in familial hy-
percholesterolemia, and the trabecular meshwork in-
ducible glucocorticoid response protein, or myocillin
(TIGR-MYOC) mutation pattern in primary open angle
glaucoma, we did find dissimilar results in Chinese
compared to Caucasians. New information from the
Human Genome Project and advancements in tech-
nologies will aid the search for and confirm identifica-
tion of disease genes despite such challenges. 
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Introduction

Applying Murphy’s law to genetics, any gene that can
go wrong, will go wrong. Sequence alterations may, in
one person or another, occur in any gene, and could be
sporadic or inherited. Some of these changes will not
affect function of the gene and have no association
with any disease. But others are gene lesions that may
be a gain, loss, or change of gene function. Subse-
quently the expressed gene product could be absent,
deficient, wrongly processed or simply functionally de-
fective. They will cause or increase the risk of a disease.
How to detect these changes among the roughly 3 bil-
lion bases of human DNA, containing 30,000–50,000
genes (1), is a major task of biomedical science.
Though the debate over nature vs. nurture has swung
back and forth over the decades, the search for genes
related to disease has steadily accelerated. Identifica-
tion of disease-causing genes has led to the elucidation
of the pathogenetic mechanisms, establishment of
molecular diagnostics, and development of novel ther-
apy of many diseases.

Now that the Human Genome Project is nearing
completion, the search for disease genes will not end
but will enter a new phase. In this phase, conventional
techniques for locating disease genes will continue to
be used, but they will be complemented by new meth-
ods to speed up the process. New or proposed meth-
ods of candidate gene identification include whole
genome DNA chips for parallel rather than serial muta-
tion detection, functional candidate gene identification
by use of database searches, and quantitative trait loci
identification through transgenic and gene knockout
models (2). With the aid from advances in genome-
wide screening methods and data from the Human
Genome Project, it is anticipated that more and more
disease-causing genes will be identified in the near fu-
ture, and that candidate gene approaches will predom-
inate. In order to avoid false-positive results in the con-
firmation of candidate genes as causative for disease, a
large sample size, accurate diagnosis of patients, and
replication of gene-phenotype associations in more
than one independent dataset are preferred (3, 4). In
addition, an understanding of the biological function of
a candidate gene product should provide affirmative
support to its link to the disease.

With these new tools at their disposal, medical sci-
entists will be better armed to hunt more elusive prey,
such as genes associated with diseases at low pene-
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trance, late onset, or with multiple causative genes or
risk factors. Advancement in analytical and informa-
tion technologies will also help to affirm disease genes.
Below, we will review the current techniques, and the
potential future methods.

Current Techniques

Methods of gene hunting may be divided into three
main categories: functional, candidate, and positional
(5).

Functional approach

If knowledge of the function of a disease gene is avail-
able, this information may be used to identify the gene.
This knowledge may allow identification of the gene’s
protein product, followed by any of several approaches
to find the gene (5). The protein product should be ex-
tracted and purified. The purified protein may be then di-
gested with proteases and the fragments partially se-
quenced. The amino acid sequences correspond to
many possible nucleotide sequences since there are
multiple codons for most amino acids. But degenerate
oligonucleotides, covering all possible sequences, can
be synthesized. These can be labeled and used as
probes against replica plates of bacterial colonies from a
cDNA library. Positive clones are sequenced to confirm
whether they may indeed be capable of producing the
desired protein. Though this method is prone to false
positives, it has been a popular method for identifying
novel genes. One Alzheimer’s disease gene, amyloid
precursor protein (A P P), was identified this way (6, 7).

A purified protein may alternatively be used to gen-
erate an antibody, which can provide a means to screen
an expression cDNA library. Positive clones can be se-
quenced to obtain the gene. A complementation assay
may be used in special situations in which, for a reces-
sive disease, a cell line is available which displays an
abnormal phenotype. Inserting fragments of chromo-
somes or DNA into the cells, and then selecting for
those whose phenotype is corrected, may allow identi-
fication of the chromosomal region or DNA sequence
containing the mutated gene. A Fanconi’s anemia gene
was isolated through this approach (8).

Candidate gene

This approach involves taking an educated guess at
what known genes may be factors in the disease, then
testing them for mutations (5). The functional approach
is a more time-consuming yet more reliable method of
gene hunting, while the candidate gene approach is
more dependent on chance and requires a good num-
ber of patients who must be diagnosed accurately.
However, it is usually possible to increase the odds well
above the 1 in 30,000–150,000 (1) chance resulting from
a random choice among all human genes. Especially as
more genes are becoming known and characterized,
the information available to make a logical choice is in-
creasing. 

Knowledge of the phenotype and pathogenesis of
the disease permits the narrowing of the potential can-
didate pool, or at least of the first focus of attention, to
genes expressed in the diseased tissue at the time in
development or stage at which the pathology appears.
The identification of the cystic fibrosis gene CFTR (cys-
tic fibrosis trans-membrane conductance regulator),
for example, was helped in part by the screening of
genes expressed in disease tissues (9). However,
housekeeping genes with universal expression, as well
as genes with spatio-temporal expression patterns not
correlated with pathogenesis, often turn out to be the
culprits. For example, the primary open angle glau-
coma associated gene TIGR-MYOC (trabecular mesh-
work inducible glucocorticoid response protein, or my-
ocillin) was found in many tissues throughout the
b o d y, not only in the tissue within the eye that regulates
intraocular pressure (10, 11). Thus expression patterns,
though currently popular subject of study, especially
with the availability of microarray technology, should
not be overly relied on, but should provide only part of
the bait to help fish from the candidate gene pool.

Subtractive hybridization is a method for comparing
gene expression between two samples, such as tissue
from a disease patient and a normal control individual
(12). The mRNA is purified from the two samples, and
mRNA from one sample is copied into cDNA. The
cDNA is hybridized with an excess of mRNA from the
other sample and removed on a hydroxyapatite col-
umn. This subtraction can be repeated until the re-
maining population of cDNAs is sufficiently enriched
for genes to be selectively expressed in that sample.
These cDNAs can be identified by labeling them and
using them to screen a cDNA library. The disadvan-
tages of subtractive hybridization are that a large
amount of mRNA is needed, and only genes with very
different levels of expression can be detected. The ad-
vantages are the technique’s low cost and ability to
identify genes that are highly expressed in only one of
the samples.

Differential display uses PCR to fractionate and am-
plify mRNA fragments so that they can be further frac-
tionated on a gel, and the bands from different samples
compared to identify differently expressed genes (13).
First, mRNA is purified from the samples. A set of de-
generate primer pairs are used to perform reverse tran-
scription PCR in several tubes. The oligo-dT primers
end in a few non-T bases (for two bases there would be
12 different primers). The other primers are arbitrary
short sequences (about 10 bases). The PCR products
are run on a gel, and each corresponding band of cor-
responding lanes from the different samples is com-
pared. Bands that differ in intensity between samples
are cut out of the gel and sequenced to identify differ-
entially expressed genes. A disadvantage of differen-
tial display is that not all genes, only a random subset,
are analyzed. Success may be quick, but may instead
require a large amount of analysis. Advantages of this
method are its low cost and simple procedure. Sophis-
ticated equipment is not required.

Among the better-characterized genes, there may be
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sufficient knowledge about their function to select
some as candidates for mutation screening. Genes are
potential candidates if they display similarity, in se-
quence, structure, or function, to genes known to cause
or play a role in similar diseases. This applies not only
to human diseases or genes, but also to animal models
of human disease. When the gene mutated in an ani-
mal model of a human disease is known, the homolo-
gous human gene (or genes) is a prime candidate (14).

Once a candidate gene is selected, it is screened for
mutations or polymorphisms that alter disease risk.
Candidate gene mutation screening relies on PCR am-
plification, usually of all protein-coding exons plus
nearby splice sites of the gene, followed by one of sev-
eral methods of detecting the presence of a sequence
variant (5, 15). Some of these methods cut the PCR
product at a sequence variant: chemical cleavage of
mismatches and enzymatic cleavage of mismatches.
Other methods alter the conformation or secondary
structure of the PCR product that contains a sequence
variant: conformation sensitive gel electrophoresis
(CSGE), the single strand conformation polymorphism
(SSCP) method, denaturing high performance liquid
chromatography (DHPLC), and denaturing gradient gel
electrophoresis (DGGE). When any of these methods of
initial screening suggests a sequence alteration, the
PCR product is sequenced to find the exact site and na-
ture of the alteration.

Candidate genes may be screened in a family or a
case-control study. In a family with a disease gene muta-
tion that is of high penetrance and low phenocopy
(same phenotype but different cause), it would be ex-
pected to occur in all family members with disease, but
none of the family members without the disease. The
mutation should also be absent among the controls.
H o w e v e r, for a situation of low penetrance or high phe-
n o c o p y, correspondence between mutation and disease
will no longer be one-to-one. To establish with confi-
dence that a sequence change causes diseases, a very
large family or a case-control study may be needed.

Diseases with multiple contributing factors, or poly-
morphisms that are either rare in occurrence in a par-
ticular population or that only modestly alter disease
risk also present problems. The use of new statistical
methods such as the sib-ship disequilibrium test and
discordant alleles test can increase the power of stud-
ies. It has led to the observation of association of an α2-
macroglobulin (A2M) polymorphism with Alzheimer’s
disease. However, later studies were not able to clearly
confirm the association (16). It may be that the associa-
tion is population-specific, or requires the presence of
secondary factors. 

In age-related macular degeneration, studies have
produced inconsistent conclusions about the associa-
tion with ABCR (ATP-binding cassette transporter)
gene variants (17–20). This gene is large with 50 coding
exons encoding 2273 amino acids. It also has many
non-disease associated polymorphisms, which may
make the clear determination of association with dis-
ease more difficult by obscuring potential disease-as-
sociated sequence changes. One potential cause of

false-positive associations in case-control studies is
the screening of the whole gene in cases, and the sub-
sequent screening of controls only for sequence alter-
ations found in the cases. Thus, any rare, non-disease
associated sequence changes that may happen to oc-
cur only in the controls will not be detected, and the to-
tal number of sequence changes may appear artifactu-
ally to be higher in cases than controls.

Low-density lipoprotein receptor (LDL-R) mutations
in familial hypercholesterolemia patients (FH) appear
at different sites in Chinese than whites, though the
overall frequency of mutations is about the same
(21–23). Also in contrast to some other populations
such as Caucasians or Japanese, there is no definite
common mutation in Chinese FH patients due to a
founder effect. Although the majority of FH patients in
Caucasian populations is associated with a LDL-R mu-
tation in the promoter or protein coding exons, a sub-
stantial proportion of Chinese FH patients may be af-
fected by multiple genetic factors, or by sequence
aberrations in other lipid-related genes, notably the
apolipoprotein B gene (21, 22). 

Sometimes, however, ethnic variation in frequency
of gene variants may mask or reveal disease genes. In
the TIGR-MYOC gene, only one nonsense sequence
change was detected in studies among whites; this
change, Gln368Stop, which truncated part of the C-ter-
minal of TIGR-MYOC protein, was associated with pri-
mary open angle glaucoma (24, 25). However, another
nonsense change, Arg46Stop, that truncated TIGR-
MYOC leaving less than 10% of the wild-type protein
length, was found in subsequent studies only in
Asians; in contrast to the truncation found in whites,
this sequence change was present in normal control
subjects as well as glaucoma patients (25–27). One el-
derly control subject was homozygous for Arg46Stop.
Though she is essentially a human TIGR-MYOC “knock
out,” her vision is normal, implying that absence of
TIGR-MYOC does not by itself cause glaucoma, and
that TIGR-MYOC is not essential for normal eye func-
tion (26). In whites, TIGR-MYOC mutations associated
with primary open angle glaucoma occur in exon 3,
whereas in our study of Chinese most sequence
changes are in exon 1, and so far none are clearly asso-
ciated with disease (Figure 1) (26, 28). These findings
would not have been possible if only one ethnic group,
in this case whites, had been examined for mutations
in this gene. Therefore ethnic genetic variation makes it
important to study potential gene-disease associations
in multiple ethnic groups.

Polymorphisms in apolipoprotein E and the gene for
its receptor, LDL-R related protein (LRP), affect risk of
Alzheimer’s disease (AD) (29–33). A protein which me-
diates their interaction with each other, lipoprotein li-
pase (LPL), has polymorphisms that can affect triglyc-
eride levels and risk of cardiovascular disease (34–37).
LPL therefore appears to be a reasonable candidate
gene for AD risk, and indeed, a recent study suggested
an association of two LPL polymorphisms, 447Stop
and 291Ser, with AD (38, 39). The former may offer a
protective effect while the latter may be causative.
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Positional

If there are families in which the disease is inherited,
and most of the family members are available for DNA
sampling and reliable diagnosis, then linkage analysis
may narrow the chromosomal region in which the dis-
ease gene is likely to locate (5, 40, 41). This approach
relies on the fact that chromosomes inherited from
each person’s parents recombine with each other dur-
ing meiosis, so that the person’s child will receive a
chromosome that contains some segments from its
parent’s grandfather and some pieces from its parent’s
grandmother. Because each child comes from different
germ cells (except for monozygotic siblings), individ-
ual child may inherit different combinations of chro-
mosomal segments. These segments can be identified
and traced from generation to generation by the use of
chromosomal markers, and the inheritance of both the
disease and a marker from parent to child suggests that
the disease and the marker may be linked, implying
that the disease gene is near the marker. Markers are
short DNA sequences that have been selected because
they are highly polymorphic, and have been mapped to
known chromosomal locations (42). Being highly poly-
morphic increases the reliability of the assignment of
an allele to one parent or the other by decreasing the
chance that both parents will coincidentally happen to
have the same alleles.

Several hundred short tandem repeats (STR), usu-
ally dinucleotide, polymorphic markers, are usually
sufficient to map a disease gene to a chromosomal re-
gion. Denser maps of markers in that region may then
help reduce the possible range of the gene locus (43).
Because the alleles of STR markers are various multi-
ples of the tandem repeat, a simple measurement of
the length of a PCR product spanning a marker region
is sufficient to genotype the marker. A marker and dis-
ease may often be inherited together by chance from a
parent to a child. Therefore many parents and children
must be examined to accumulate strong enough statis-
tical evidence to conclude whether there is linkage of a
marker with disease. Consequently, the positional ap-
proach to gene hunting requires at least one large fam-
ily or several smaller families. Another important factor
for success in positional cloning is that diagnosis of the
disease is unambiguous. This approach also assumes
that the disease is associated with a disease gene.

Thus, diseases with low penetrance or late onset, or
diseases with multiple causes, including environmen-
tal factors or several genes, may not be amenable to a
positional strategy.

Large-scale mutations that are visible cytogeneti-
cally as chromosomal abnormalities, when found in
patients, can provide valuable clues to the position of a
disease gene. These are usually rare, but are relatively
more common in severe, early-onset, and dominant
diseases. Fluoresence in situ hybridization (FISH) map-
ping, restriction enzyme mapping, or chromosome
band staining may be used to detect such large-scale
mutations. For example, the muscular dystrophy gene
dystrophin and neurofibromatosis gene NF1 were
found partly with the aid of such cytologically visible
abnormalities (44, 45).

Once a chromosomal region is identified that is
linked to a disease gene, screening of selected candi-
dates within the region is usually necessary to find the
gene (9, 44, 45). Such positional candidate gene
screening is possible for larger and larger linked re-
gions with the increasing fraction of human genes that
have been characterized.

Recently Developed and Potential Future Methods

Bioinformatics

The near completion of the Human Genome Project,
along with the expected later completion of the mouse
DNA sequence, will enhance the efficiency of current
gene hunting methods. A combination of automated
and experimental approaches will annotate the raw
DNA sequence to identify genes. Knowing the loca-
tions of all genes will allow the results of linkage analy-
ses to be used to proceed directly to the screening of
candidate genes within the linked region. Accurate in-
formation on the sequences of all genes will allow work
to begin on the massive task of characterizing the func-
tions of all previously unknown proteins (46). Cross-
species comparisons can identify homologous genes
and help to fill in clues to protein functions when more
is known about a gene in one species than another (47).
As protein functions become better understood, the
functional and candidate approaches to finding dis-
ease genes will become more feasible (48).

Fig. 1 The TIGR-MYOC gene showing sequence alterations
and number of subjects displaying the alterations in Chinese
with primary open-angle glaucoma (91 subjects) or unrelated

normal controls (132 subjects). The black boxes represent
coding regions of the 3 exons (26).
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Expression analysis

This has become very popular since the tools for per-
forming rapid gene expression analysis have recently
become available. Since an enormous amount of data
(as well as pretty, color, cover illustrations) can be pro-
duced quickly, expression analysis is able to simultane-
ously measure the relative amounts of mRNA tran-
scribed from a large number of genes (49–53). Different
tissues or patients may be compared. By measuring
mRNAs in healthy vs. diseased tissue, a gene whose
expression is increased or decreased in disease may be
further examined to see at what point in the chain of
events leading from disease initiation does it play a
role. Such comparisons are not limited to human tis-
sue. Animal or cell culture models of disease may be
analyzed to identify genes for further study.

The emerging standard format for expression analy-
sis is a glass microarray slide on which have been spot-
ted probes, such as cDNAs or expressed sequence tags
(ESTs), for a set of genes (50–53). The mRNA to be ana-
lyzed is amplified and labeled with a fluorescent dye,
then hybridized with the microarray. A microarray
scanner reads the fluorescent signal on the slide, al-
lowing computerized analysis of relative expression
levels (50–53).

Serial analysis of gene expression (SAGE) is another
technique for measuring mRNA levels (54). Its basic
strategy is to produce short DNA tags unique for each
gene, and then to concatenate many tags together for
efficient sequencing in order to generate a digital rep-
resentation of the relative expression of all genes. In
this complex protocol (http://www.sagenet.org),
mRNA is copied to cDNA using biotinylated oligo-dT,
and then a second DNA strand is synthesized. The dou-
ble stranded cDNA is cleaved with a restriction en-
donuclease, and the biotinylated fragments are ligated
to a linker which contains the recognition site for a sec-
ond restriction enzyme. The second enzyme is one
which cuts several bases downstream from its recogni-
tion site. Cleavage by the second enzyme leaves only
short fragments, or tags, of the cDNA. The tags are lig-
ated together, producing ditags. The ditags are ampli-
fied by PCR. The amplified ditags are cut with the first
restriction enzyme to remove the linker, and then are
ligated into long concatamers. These concatamers are
cloned into bacteria, and the cloned DNA concatamer
from each colony is sequenced. Each sequence con-
tains many tags, and is usually unique to a gene. Each
time a tag is sequenced, a tick is added next to that tag’s
name. As clones are sequenced, the ticks can be
counted to give a digital approximation of the relative
abundance of all mRNAs. This approximation becomes
more and more accurate as the number of sequenced
clones increases. Disadvantages of SAGE are its tech-
nical complexity and time required to generate and se-
quence the clones, occasional difficulty associating
tags with genes, and poor ability to measure low ex-
pressing genes. Advantages are the low cost of equip-
ment, the flexibility to stop sequencing at any desired
level of accuracy of the expression approximation,

good ability to measure high expressing genes, and
ability to detect virtually all genes (whether or not they
are yet available on a microarray).

Mendelian genetics deals in categorical traits, but
level of expression can manifest in continuous or quan-
titative traits. Quantitative trait loci identification
through transgenic and gene knockout models may
help to identify disease genes or genes that contribute
to disease risk (2).

Parallel mutation detection

DNA chips, made by Affymetrix Corporation, have ar-
rays of in situ chemically synthesized, short DNA
strands (55, 56). These may be used for parallel detec-
tion of mutations in a single gene or even several
genes. The method involves synthesis on the chip of
oligonucleotides capable of selectively hybridizing
with DNA containing any possible single nucleotide al-
teration. Thus each chip must have 8 times as many
oligonucleotides as there are nucleotides in the gene
to detect all four possible nucleotides at each position
on both strands (56). Fluorescent labeling allows de-
tection of mutations. This method is thus equivalent to
sequencing the gene, but it can be performed in one
step. A current drawback of DNA chips is the ex-
tremely high costs for the chips and for the chip reader
(52).

If the size of the oligonucleotide spots can be dra-
matically reduced and the resolution of the chip reader
increased to match, it is possible to imagine a chip for
screening coding regions of all genes. Such a chip
must have many millions of spots. If this were possible,
all genes could become candidates, and all mutations
in all genes could be detected in a case-control or fam-
ily study. The story would not end there, however, as
the problem would then shift to finding the mutant nee-
dle in the resulting haystack of polymorphisms and se-
quence changes unrelated to the disease being stud-
ied. Bioinformaticians have some time to solve this
problem since, for the near future at least, such a chip
is only a fantasy. However, a project has already used
this method to screen for sequence variations in 2.3
megabases of human DNA, already around 2.5% of all
protein coding regions (57).

Single nucleotide polymorphisms

There are several projects currently in progress to iden-
tify many thousands of human single nucleotide poly-
morphisms (SNPs) (58). This knowledge may advance
gene hunting methods in two ways. One is by provid-
ing a denser map of markers for linkage analysis. SNPs
are the end of the line on the road to denser and denser
marker maps. From minisatellites to microsatellites to
SNPs, the length of marker polymorphic sites has dras-
tically decreased and the number of markers has in-
creased. A SNP map is thus potentially more informa-
tive for linkage analysis. In addition, because a SNP
map would be so dense, it may be possible to use
whole populations rather than families in association
studies, allowing screening for disease-associated
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genes when no large disease families are available
(58). By using non-gel based methods, SNPs may also
be more amenable to rapid genotyping (57).

Another way in which a SNP map may aid disease
gene identification relies on the fact that most poly-
morphisms that alter protein sequences are SNPs. A
SNP map will help make possible the simultaneous
genotyping of SNPs from multiple candidate genes in
order to directly identify the multiple polymorphic risk
factors that contribute, sometimes interactively, to
many diseases (58). Such common, multi-functional
diseases include atherosclerosis, cancer, AD, asthma,
schizophrenia, diabetes, glaucoma and age-related
macular degeneration.

Conclusion

Applying an anti-Murphy’s law to genetics, any method
that could work, will work. Our arsenal of weapons for
hunting disease genes is ever-expanding, and often
more than one will do the job to catch a particular gene.
Historically, we have jumped from method to method
following the path of least resistance to a gene, more
like lightning than a laser (44, 45). In the future, the
plethora of techniques and information available will
make the hunt faster yet perhaps even more jumpy. To
reveal disease genes as quickly as possible, we should
consider all possible methods and all available infor-
mation at all times.
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