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Deeper into the genome
The next large-scale human genome project after HapMap should catalogue inherited variation in the general
population that directly affects gene function, argues Richard Gibbs.

The International HapMap Pro-
ject has catalogued the patterns
of more than 1 million single-

base changes (known as single
nucleotide polymorphisms, SNPs) in
the genome sequences of 269 people
drawn from four diverse human pop-
ulations1. Most of these SNPs do not
directly influence gene function, but
the data provide valuable information
about the overall pattern of chromo-
some organization and offer new
tools for finding disease-causing
genes in humans.

A complementary but more direct
way to discover disease-causing genes
is ‘medical resequencing’ (MRS). Key
parts of suspect genes are sequenced
and compared between patients and
controls to identify genetic variations
that may contribute to disease2. This
approach has been popular and fruit-
ful, although it relies heavily on pick-
ing the right candidate gene at the
outset. MRS activity is increasing,
with a few sequencing centres now
analysing hundreds of individual
genes. Using MRS to analyse all
known human genes (currently more
than 20,000) in selected sets of
patients and controls is also under
discussion. This would greatly
enhance the chances of successful 
disease-gene searches.

Rare finds
Such large-scale projects favour a
centralized effort, similar to that used
to decipher the human genome. Here,
we argue that MRS activities should be accel-
erated, but the goal should be to discover
genetic variation in the general population
(not just patients and controls) that can poten-
tially affect gene function directly. During this
sequencing phase, we would not need to know
the disease status of the individuals sampled.
This rich catalogue of genetic changes, here
called ‘functional variants’, would include
SNPs that alter amino acids in proteins, and
possibly gene-splicing or expression levels.
Most would be rarer than those pursued by
HapMap. This functional-variant database
would be immediately available for all

researchers and would have considerable
impact on future disease-gene studies.

Some of the functional variants that cause
disease have already been catalogued thanks to
studies of mendelian diseases — human con-
ditions with simple (one-gene) inheritance3.
Polymerase chain reaction (PCR), fluorescent
DNA sequencing and other techniques have
enabled the discovery of about 1,700
mendelian disease genes, most of which have
multiple functional variants. These diseases
are rare, affecting about 1 in 10,000 to 1 in
100,000 individuals, and the frequency of the
mendelian functional variants in the general

population is often less than 0.05%.
The HapMap data will help to

reveal functional variants that cause
more common diseases, such as adult
cardiac diseases, cancer and schizo-
phrenia. These disorders mostly have
complex (multi-gene) underlying
genetics and the HapMap tools work
best when the functional variants
involved occur in the diseased popu-
lation with a frequency greater than
5% (ref. 4). 

The process of detecting the pres-
ence of a particular SNP is called
‘genotyping’ and the HapMap project
has identified a subset of the esti-
mated 3 million common SNPs that
can be identified in genotyping assays.
The project also identified a further
subset of ‘tag’ SNPs that are most use-
ful in genetic association studies,
because they link common haplo-
types — larger blocks of DNA that are
inherited together. Using these tags,
the screening of whole genomes in
patient sample collections is a much
more realistic proposal than it was just
three years ago.

Beyond HapMap
When disease-causing functional
variants fall below 5% in the diseased
population, approaches aided by
HapMap lose power. These limit-
ations of HapMap are entirely
expected, as the overall distribution
of SNPs seen in human populations
follows the shape of a power-law 
distribution, with the rarer SNPs

accounting for most overall variation (see left
side of graph overleaf)1. Rare functional vari-
ants corresponding to the mendelian disor-
ders are in this category. More common SNPs
appear on the right of the graph and include
the few disease-causing functional variants
that have been identified.

Markers that fall in between, in the fre-
quency range 0.05–5%, are less well known,
primarily because technical hurdles prevent
their discovery. Nevertheless, they are likely to
contribute to human disease — theoretical
modelling supports their importance5,6 and
direct evidence from disease examples is

Directly analysing genes could shed light on the causes of disease.
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emerging. Cohen et al. recently studied indi-
viduals who are genetically susceptible to cho-
lesterol deposition and therefore heart disease,
and who were further characterized by the
mean levels of low-density lipoprotein (LDL)
in their blood7. They reasoned that functional
variants in key genes would be found most
easily in the individuals with the highest and
lowest levels of LDL. Using MRS, Cohen and
his colleagues discovered a pair of functional
variants in a key gene, PCSK9, that conferred
low LDL levels. Notably, the functional vari-
ants they discovered to be associated with low
LDL levels were in the category of ‘very rare
mutations’, but were found at sufficiently ele-
vated frequency in the general population to
be considered ‘low-frequency variation’. These
functional variants would probably not have
been identified using HapMap genotyping.

Bigger and better
A global search for putative functional variants
provides a logical framework for extending the
HapMap resource. We propose a large-scale
genome project to catalogue rare genetic vari-
ation — beyond what HapMap has achieved.
Some limited public and private initiatives
already exist along these lines8, but a larger 
and more ambitious programme that targets
diverse human populations, independently of
disease or phenotype, is required to accelerate
discovery of the functional variants present at
low frequency.

This project would first build a functional-
variant database by using MRS targeted to the
coding regions of all 20,000 known human
genes, plus an additional segment of the pre-
sumed promoter (gene-control) region of each.
Analysis of 2,000 individual DNA samples (cov-
ering 4,000 chromosomes) would offer a good
chance of finding variation that is present at the
0.05% level in the general population. This is
therefore a bold proposal that could capture
most of the expected functional variants (per-
haps 50,000 to 100,000)9 found in humans.

The populations sampled should include
African, Asian and Caucasian representatives,
in addition to Hispanic and smaller native
groups. The optimal representation of differ-
ent populations will be difficult to define with-
out more data, but these choices may not be
critical, as the large sample size will ensure that
even large frequency differences between pop-
ulations will not obscure individual variants.

The scale of this project would require
improved technologies for MRS, which are
already under way. MRS is easier, technically
speaking, than de novo sequence determina-
tion because there is always a target sequence
for comparison. This means that faster reduc-
tions in MRS costs are more likely than those
observed for other genome projects.

Crucially, the functional-variant approach
would avoid centralization of disease analyses,
while exploiting the sequencing power of large
genome centres to build the primary database.
The overall goal would be to identify variation

that could subsequently be tested by the same
kinds of genotyping methods used for
HapMap. We can expect private companies to
generate ‘DNA probes’ to test for these genetic
markers in new populations, as has already
occurred with the existing database of around
20,000 publicly available SNPs10. The probes
could be used in a distributed fashion — in
individual investigator laboratories — as part
of each ongoing disease discovery effort.

The functional-variant proposal contrasts
with similar ideas for large-scale MRS that
focus on patient populations, such as the Can-
cer Genome Project11, which aims to cata-
logue all major mutations that occur in the

most common human cancers. Such projects
risk revealing patient identities, assuming that
their DNA sequence data is publicly released
(as occurred for the Human Genome Project).

A 2004 study showed that as few as 75
SNPs could be used to identify an anony-
mous patient12. Because intense genetic
analysis of disease samples requires simulta-
neous sequencing of several genes from each
individual, identification is easy. In the func-
tional-variant database, the free public
release of the SNP data could not be used to
identify the contributing individuals because
only the mutations themselves would need to
be fully available. The follow-up process of
discovering these multiple variants in the
same individual would only occur in the lab-
oratories of individual investigators working
on specific diseases, at which point patient
consent could be obtained.

The functional-variant approach has other
advantages over large-scale MRS projects on
patient populations. Although there are thou-
sands of well-characterized tissue samples in
‘disease collections’, most of these are dispersed
among the laboratories of different clinical sci-
entists. Little coordination over phenotyping

or storage exists, and collection protocols and
ethical approvals are not standardized. Plans to
centralize these collections, perform MRS and
then publicly release the data will have to con-
tend with complex logistics and Institutional
Review Board issues. For clinicians, assigning
credit for what might be years of sample col-
lecting becomes a greater concern when all the
attention is focused on new sequencing stud-
ies. The functional-variant database avoids
most of these issues by separating the initial
sequencing phase from the laboratory investi-
gations of specific diseases.

One disadvantage of the Cancer Genome
Project is that each new mutation discovered
might be present in only a small fraction of the
cells in a minute tissue sample. Non-cancer 
tissue from each patient must therefore be
checked, to ensure that the mutation is related
to the cancer and is not simply inherited rare
variation. This complication does not, how-
ever, apply to the functional-variant database. 

At current prices, with PCR Sanger fluores-
cent DNA sequencing, the cost of analysing
the full complement of coding genes for 2,000
individuals would be about US$750 million.
We can, however, reasonably expect MRS costs
to drop progressively, and if the work is spread
over five years it is likely to cost less than $500
million. This is more than five times the
amount spent on HapMap, but is lower than
the projected $1.35 billion cost for the Cancer
Genome Project. 

Finally, any proposal for large-scale MRS
raises a familiar dilemma in genomics — how
to balance the efficient high-throughput
sequencing of large genome centres with the
powerful research approaches provided by
the wider community. Among all possible
future projects, the functional-variant pro-
posal offers to enhance the efforts of estab-
lished networks of biomedical investigators
in a way that echoes the Human Genome
Sequence project. ■

Richard Gibbs is at Baylor College of Medicine,
Houston, Texas 77030, USA.
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GENETIC VARIATION IN HUMANS
Variation is measured by 
single nucleotide polymorphisms (SNPs).
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“A larger and more ambitious
programme is required to

accelerate discovery.” 

 27.10 Commentary MH  24/10/05  10:27 AM  Page 1234

Nature  Publishing Group© 2005



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e005000470020005000520049004e005400200050004400460020004a006f00620020004f007000740069006f006e0073002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003300200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice


