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Eight biaals of Human Gename Frojecy L 2003

: DNA * Finish the complete human genome sequence by the end of 2003, p;ui
Stecd * Achieve coverage of at least 90% of the genome in a working draft based off mapped dorely
the end of 2001
* Make the sequence totally and freely accessible.
2. Sequencing * Conrinue ro increase the throughpue and reduce the cost of current sequencing rechnology,
technology * Support research on novel technologies that can lead ro significant improvemenes in

sequencing technology.

Develop effective methods for the development and incroduction of new sequencing
rechnologies.

3. Homan genome

Develop technologies for rapid, large-scale identification and/or seoring af singlhe-nucleoride
sequence variation polymorphisms and other DNA sequerce variancs,

Identify commaon variants in the coding regions of the majoriry of identified genes dunng this
five-year period.

.

Create a SNP map of ar lease 100,000 markers.

Create public resources of DNA samples and cell lines.

4. Functi _ * Generate sers of full-lengrh cDNA clones and sequences that represenc hurmian genes and
genomics model organisims.
technol

Suppore research on methods for studying functions of nonprotein-coding sequences,

Develop rechnology for comprehensive analysis of gene expression.

Improve methods for genomewide mutagenesis.

Develop rechnology for large-scale protein analyses,
COJI‘IPlE.tE the sequence of the roundworm d'gggms genome and the l'rui[ﬂ)' J'erupbfh genome M

5. Compararive

genomics * Develop an inregrated physical and genetic map for the mouse, generare addirional motse
cl¥NA resources, and complete the sequence of the mouse genome by 2008 Jidds F
6. Ethical, legal, and ® Examine issues surrounding completion of the human DA sequence and the srudy of
social issues genetic variation,
* Examine issues russed by che integration of genetic technologies and informarion into
health care and public health activities,
* Examine issues raised by che inregration of knowledge about genomics and gene-environment
interactions in nonclinical sercings.
* Explore how new generic knowledge may interact wich a variety of ph Hosophical, theelogicl,
and ethical perspectives,
® Explore how racial, ethnic, and socioeconomic factors affect the use, undersmand) ng, in
interpretation of generic information, the use of generic services, and the development of
o licy
7. Bioinformatics and * Improve content and wrility of databases.
"?"’P““ﬂm‘ﬂj * Develap berter tools for data generation, capture, and annotarion.
biokosy ® Develop and improve rools and databases for comprehensive funcrional studies.
* Develop and improve rools for representing and analyzing sequence similarity and variation.
® Create mechanisms to support effective approaches for producing robust, exportable sofrware
thar can be widely shared.
8. Training and * Nurture the training of scientists skilled in genomies research,
e L i * Encourage the establishment of academic career paths for genomic scienrists.

® Increase the number of scholars who are knowledgeable in both genomic and generic sciences
and in echics, law, or the social sciences.

Sonrce: Adupred from b hoeps/fwww.oml. pov/ TechResources/HumanGenomie/hgSyp/goal hrml.




A blueprint for the genomic era
| :

Grand Challenge I-1 Comprehensively
identify the structural and functional
components encoded in the human

| genome

Grand Challenge I-4 Understand
evolutionary variation across species and

the mechanisms underlying it

= a1

Grand Challenge 1I-1 Develop robust
strategies for identifying the genetic

contributions to disease and drug response
| e PR — € s k] “ .

Grand -4 Use new
understanding of genes and pathways lo
develop powerful new therapeutic

approaches to disease -

@ Jocrry

Grand Challenge Il-1 Develop policy
ions for the uses of genomics in
edical and non-medical settings

#

NATURE|VOL422 | 24 APRIL 2003 | www.nuture.com/nature

il Genomics to society .
Promoting the use of genomics to

Francis S. Collins, Eric D. Green,
Alan E. Guitmacher and Mark 5.
Guyer on behalf of the US National
Human Genome Research Institute”

Grand Challenge -2 Elucidate the
organization of genetic networks and

protein pathways and establish how they

contribute to cellular and organismal
phenotypes
F o FESHNS Bosmbi dim et Bap
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1l Genomics to health

Translating genome-based knowledge

Grand Challenge II-2 Develop strategies
toﬁ%@mﬂnﬁw to
good health and esistance 1o disegse

Grand Challenge II-5 Investigate how
genetic risk information is conveyed in
clinical settings, how that informaticn
influences health strategies and
behaviours, and how these affect health
oltcomes and costs _—

Grand Challenge lll-2 Understand the
relationships between genomics, race and

gthnicity, and the consequences of
uncweripg these relationships

Grand Challenge lll-4 Assess how to
define the ethical boundaties for uses of

genormics

— —
L

A vision for the future of
‘genomics research
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Grand _ 1-3 Develop a detailed
understanding of the heritable variation in
the human genome

Grand 1-5 Develop policy
options that facilitate the widespread use
of genome infarmation in both research
and clinical settings

Grand Challenge 1I-3 Develop genome-
based approaches Lo _prediction of giseagg
wﬂm and drug response, early
detection of illness, and molecular
taxonomy of disease states

|- . - L e P

Grand Challenge I1-6 Develop ge

based tools th:?e healh o 2
Disparities in health status constitute a signif-
icant global issue, but can genome-based
approaches to health and disease help to
reduce this problem? =~ -

Grand Challenge II-3 Understand the
consequences of uncovering the genomic

contributions to human traits and
“"_--___-

ehavious
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A map of human genome sequence
variation containing 1.42 million
single nucleotide polymorphisms

The international SNP Map Working Group*
* A full list of awthors appears at the end of this paper.

exon (coding and untransiated reglons), and 85% of exons are within 5 kb of the nearest SNP. Nucleotide diversity

greatly
umhumManMﬂhnMﬂmﬂaﬂmmﬂumﬁlﬂmm.mum-dmdu
SNP map provides a public resource for defining haplotype variation across the genome, and should help to Identify biomedically

important genes for diagnosis and therapy.

Inherited differences in DNA sequence contribute to phenotypic
variation, influencing an individual’s anthropometric characteris-
tics, risk of disease and response to the environment. A central goal
of genetics is to pinpoint the DNA variants that contribute most
significantly to population variation in each trait. Genome-wide
linkage analysis and positional cloning have identified hundreds of
genes for human diseases' (http://ncbi.nim. nih.gov/OMIM), but
nearly all are rare conditions in which mutation of a single gene is
necessary and sufficient to cause disease. For common diseases,
genome-wide linkage studies have had limited success, consistent
with a more complex genetic architecture. If each locus contributes
modestly to disease aetiology, more powerful methods will be
required.

One promising a is systematically to explore the limited
set of common gene variants for association with disease™, In the
human population most variant sites are rare, but the small number

high-throughput genotyping. Finally, in contrast to more mutable
markers, such as microsatellites”, SNPs have a low rate

density to study human haplotype structure, enabling future
study of human medical and population genetics.

Identification and characteristics of SNPs
The map.contains all SNPs that were publicly available in November
2000. Oer 95% were discovered by The SNP Consortium (TSC)
and the public Human Genome Project (HGP). T5C contributed
1,023,950 candidate SNPs (http:// snp.cshl.org) identified by shot-
pun sequencing of genomic fragments drawn from a complete (45%
of data) or reduced (55% of data) representation of the-human
%, Individual contributions were: Whitehead Institute,

89,209 SNPs from 2.57 million (M) passing reads; Sanger Centre,

Washington i

of common polymorphisms explain the bulk of (see 262,279 SNPs from 1.16M passing reads; University,
also refs 5-11). Moreover, human genetic diversity appears to be 172,462 SNPs from 1.69M passing discovere;
nmﬂdmtnﬂrnﬂnwnfwwhmphmmm ing a publicly available panel o 1

in the ific combinations of alleles (haplotypes) observed at to one another genome
closely linked sites*!!~, As these common variants are responsible sequence, by detection of single base differences using one
furmmiiuermypntyintliepupuhﬁon,itwlﬂb:mpomtm of two validated i Polybayes™ and the neighbourhood

markers, and to evaluate each haplotype for association with
disease. Such haplotype-based association studies offer a
advantage: genomic regions can be tested for association without
requiring ﬂwdimyufd:efmcﬂondmﬁuuquhd
dmdtyofmrkmwiﬂdtpmdonﬂummﬁuityufdnhu!
hplntypemmm,mdﬂndkunc:uwrwhi:hmhnphtypu
extend, neither of which is yet well defined.

Current estimates (refs 13-17) indicate that a very dense marker
map (30,000-1,000,000 variants) would be required to perform
haplntype—budmdlthnﬂndiumhmnmmh-
tion is attributable to SNPs, with the rest attributable to insertions
orddﬁhn:dms&whqmlmahpu&rmmpﬂmud
rearrangements. SNPS occur (on average) every 1,000—2,000 bases
when two human chromosomes are , and are
thus present at sufficlent density for comprehensive
analysis. SNPs are binary, and thus well suited to automated,

quality standard (NQS'*2).
An additional 971,077 candidate SNPs were identified

the The 5% of SNPs were discov-
w genome. rul:lruhg i
base differences in clusters of overlapping expressed
up’”‘urbyhrgﬁedruquu&;eﬁwﬂ(#ﬂp;ﬂmhlﬂm.nih.

/snp/human/submit_format/*/*publicat.rep. gz).

p;tkm&dﬂmwdﬁausmm:hﬁhMMof
representing true polymorphisms when examined in population
studies. Although many methods and contributors are

represented
mﬂump{uﬁm},m%(}%}mmﬂﬂmhﬂh'

two large-scale efforts that uniformly spplied sutomated methods,

®
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TABLE 9.1 Five Classes of DNA Polymorphism
Rate of Mutation Number per {
per Locus Frequency in Human Genome
Class Cause per Gamete Genome (on average)
i agens o ~8.9p~? z
eplication errors s | ;
= - ‘h 2408/
Microsatellite Slippage during 10° 1/30,000 bp 100,000 .
replication
Minisatellite Unequal crossovers 10~* Unknown; Fewer than 100 families
discovered by known, yielding 1000 1
chance capies in all i
Deletions Mutagens; unequal Extremely rare Very low 0-afew
CrOSSOVErs
Duplications Mutagens; unequal Extremely rare Very low 0-afew
Crossovers
Other insertions Transposable elements Extremely rare Very low 0 - afew |
(excluding those resulting
from micro- or minisatellite
recombination)
[ Complex haplotype Any of the above Combination of Notapplicable | Notapplicable
(any locus of 5 kb or more) the above 4
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Rare A:C base parr
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Cylusine ﬁﬂyc‘")' (common keto form) N~ N7 T\

{rare imino form) |
Mg S H  Guanine

{common amino form) irare enol form)

Sugar

{n) Hydrogen-bonded A:C and G:T base pairs that form when cytosine
and guanine are in their rare imino and enol tautomeric forms.
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() Mechanism by which tautomeric shifts in the bases in DNA cause mutations.

Figure 14.14 The effects of tautomeric shifts in the nucleotides in DNA on (1) base-pairing
and (b) mutation. Rare A:C and G:T base pairs like those shown in (4) also form when
thymine and adenine are in their rare enol and imino forms, respectively. (b) A guanine (1)
undergoes a tautomeric shift to its rare enol form (G’) at the time of replication (2). In its
enol form, guanine pairs with thymine (2). During the subsequent replication (3 to 4), the
guanine shifts back to its more stable keto form. The thymine incorporated opposite the enol
form of guanine (2) directs the incorporation of adenine during the next replication (3 to 4).
The net result is a G:C to A:T base-pair substitution.

42U ?’ .fu:c Err e "‘!’/ﬂt-‘é/é,
"4-1}: IHate s

165 CHANv &S N EENVOME n NN C‘.-.?andﬁ
OhA % 00 woT CER® TO IMUTATMNS

————

Akcr - sty (4 p €t = xa!




SarPs Gendaate /Twlbple ﬂz{e(ﬂ

/h A Peapal alian

Figure 4.1
Allelic forms of a gene.

; Wild-type gene (A)

Multiple allelic forms
{mutants) of the
i wild-type gene {A)

o

Mutation site
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Figure 9.2 Base-pair differences between DNA cloned from
thoq:ﬂcﬂbmd:hmofmhdﬂnylm.mmbase-
pairdiﬁmceshawnoplnnutypicdfect;apparenﬂymeym
encode nor regulate expressed regions of the gene.
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'. Mean, v Gequ

Normal protein
\ Some DNA variations
have no negative
effects on protein
structure and function

Person 1

Person 2

Low or nonfunctioning
protein

Other variations lead
Person 3 » to genetic disease

(e.g., sickle cell) or

increased susceplibility

SNP to disease
(e.g., lung cancer)

Figure 1.10 Single Nucleotide Polymorphisms A small piece
of a gene sequence for three different individuals is represented.
For simplicity, only one strand of a DNA molecule is shown. Notice
how person 2 has a SNP in this gene which has no effect on pro-
tein structure and function. Person 3 however, has a different SNP
in the same gene. This subtle genetic change may affect how this
person responds to a medical drug or influence the likelihood that
person 3 will develop a genetic disease.

*So... what's your SNP Profile?" &

Figure 1.11 Secrets of the Human Genome In the future, we

will have unprecedented knowledge of our genetic make-up
. including SNPs and other markers of genetic diseases. Can you

think of possible ethical, legal, and social implications of such

@
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m dbSNP Statistics (NCBI Genome Build 30, Novemher 2002)
Sea s htpry/bvanass raki mlm nibguvr S U Pprsurmma payr! S coumad tle numder or”

distinct RefSNPs having the noted functional relationship to at least one mRNA in the
“current assembly. Gene count is the number of distinct locus.id(s) having at least one
\variation of the noted functional class. (Genes with multiple variations may be counted in

multiple classes.)

- Functional Classification

SNP Count Gene Count
I
 Locus region 291,459 26,482
Allele Synonymous ro contig nucleoride 12,322 7,147
Allele nonsynonymous ro contig nucleotide 16,251 8,496
Untranslared region 131,987 13,208

Intron e 904,573 22,113
Splice site 277 268
Il!die]e is same as contig nucleotide 28,491 11,621
| Coding: synonymy unknown 13,501 3,584
i
LIS SNP Resources - - N
Resource Comment URL
dbSNP At NCEI rwww.ncbinlm.nih.gov/SNP
Human SNP darabase Ar the Whitehead Institute » heep://www-genome.wi.mit.edu/snp/human/
The SMP Consortium (TSC) A collaborarion of industrial and ¥ hetp://snp.cshlorg

academic laborarories
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erage in the assemblies to eightfold, reducing the number and size of gaps in
the final assembly over what would be obtained with 5.11-fold coverage, The
two assembly strategies yielded very similar results that largely agree with
independent mapping data, The assemblies effectively cover the euchromatic

26,588 protein-encoding transcripts for which there was strang corroborating
evidence and an additional ~12,000 computationally derived genes with mouse
matches or other weak supporting evidence. Although gene-dense clusters are
obvious, almost half the genes are dispersed in low G+C sequence separated
by large tracts of apparently noncoding se
Is spanned whereas 24% is in in

Duplications
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Individuals respond differently
to the anti-leukemia drug
G-mercaptopurine,

thiopurine methyltransferase.

Most people
metabolize

the drug quickhy.
Doses need to be
high enough to
treat leukemia and
prevent relapses.

Others metabolize

the drug slowly and
need lower doses to
avoid toxic side effects
of the drug.

A small portion [
of people metabollize i
the drug so poorly U
that its effects can l
be fatal.

Figure 11.7 Pharmacogenomics Different individuals with the same disease
often respond differently to a drug treatment because of subtle differences in
gene expression. The dose that works for one person may be toxic for another—
this is a basic problem of conventional medicine. Pharmacogenomics holds the
promise of customizing medical treatment by determining the appropriate
dosage for each individual based on the genes that person expresses.

The diversity in responses is due to
variations (mutations, mor % ) in the
gene for an enzyme called TPMT, or

After a simple blood test, individuals
can be given doses of medication that

are tailored to their genetic profile.

@ Fo
&=
Normal dose P “
Fo

(. g®
Dose for an extra | hl
slow metabolizer U], I
(TPMT deficient)
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. catalysis by catalysis by @ catalysis by @ catalysis by . catalysis by @ hd o ® ® o »
anzyme 1 enzyme 2 anzyme 3 enzyme 4 enzyme 5

%f- wldide aAr pive
rse 75‘-" Q})’Mf 7(41-'?‘-4(3;/4..-
7<, .cif, N aaflvet

Figure 2-34 How a set of enzyme-
catalyzed reactions generates a
metabolic pathway. Each enzyme
catalyzes a particular chemical reaction,
leaving the enzyme unchanged. In this
example, a set of enzymes acting in series
converts molecule A to molecule F
forming a metabolic pathway.

o Figure 2-35 Some of the metabalic
= =t - pathways and their interconnections
in a typical cell. About 500 common

/’2‘_ T \ metabolic reactions are shown
C A_) diagrammatically, with each molecule in a
metabolic pathway represented by a filled
R = circle, as in the yellow box in Figure 2-34,
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The development of human genetic markers
Type of marker No. of loel  Features
Blood groups 20 May need fresh blood, rare antisera
1910-1960 Genotype cannot always be inferred from phenotype because of dominance
No easy physical localization
Electrophoretic ~30 May need fresh serum, specialized assays
mobility variants of serum proteins No easy physical localization
1860-1975 Often limited polymorphism
HLA tissue types 1 One linked sat
1970- {haplotype)  Highly informative
Can only test for linkage to 6p21.3
DNA RFLPs =>10° Two allele markers, maximum heterozygosity 0.5
1975- (potentially) Initially required Southern blotting, now PCR
Easy physical localization
DNA VNTRS =1p* Many alleles, highly informative
(minisatellites) (potentially)  Type by Southern blotting
1985~ Easy physical lacalization
Tend to cluster near ends of chromosomes
DNA VNTRs >10° Many alleles, highly informative
{microsatellites) (potentially) Can type by automated multiplex PCR
(di-, tri- and tetranuclectide Easy physical localization
repeats) Distributed throughout genome
1989~
DNA SNPs >10° Less informative than microsatsllites
{single nucleotida polymorphisms) (potentially) | Can be typed on a very large scale by autornated equipment without gel
1998 electrophoresis

Iiﬂ‘ﬂ. variable number of tanderm repeats
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Seven charncter pairs in the garden pea that Mendel studicd in his

breeding experiments,

) Seed coat color/ € Seed color £} Pod colar
flower color

€} Flower position

Pepmeren t J”?Z; -~ bty ”nia-—j
FRacT ) os 4 d-4l.-ur...|'/

Lohadt 1 £ aeped .74" Jrep t:l:#u‘cul‘“.?

(®



VAR, A8/ H‘or Qie Vo /o //d Ia/ read?
l NimheR s

Alternative Forms of the Same
Gene Lead to Genetic Diversity
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mutations result in
genetic diversity!!!
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Table 4.1

Phenotype Genotype

(Blood Group)
O ifi
A IIN or i
B %18 or 1V
AB e

Serum Antibodies
from blood | present in Celis from blood type
type serum : @, | ﬂ = = B 2B
w ; ~= I - I 2
.. . £ ;
o Anti-A et N & ; 4 %
Anti-B o JIRT &£ ME & e /|
o el s B P
= i -if PSSl =
A Anti-B SEED | GREY "-:;.ﬁ.
I.I ..'. il t'. : & '-.”:-.., |
i — e
- i 2 I LS |
$ a® $ 0 L) i
i (™ I " | - " - 4
B Anti-A o -H -ﬁt | ..-'.
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Carbahydrate
side chains

Lipid bilayer
of cell membrang

Transmembrane
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ATP binding sites e

Figure 10,9

Hwman ABO blsod type antigens. Conversion of () the  amtigen to (b the A antl-
en by the 14 allele-encoded glycesylimnsferase and o (o) the B antigen by the P allele-
encoded ghoosyluranslerase

GH,OH
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Gal = Galactosy

GNAC = Neacetyl-g-glucossminge
GalNAe = Neacelyl-o-palactosamine
Fue = -lucose
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Figure 10.5

Positions 1o
which hema-
Qlf:rg'";tl?e Hemaglobin types
Organismic Genotype ? Origin present
phenotype l | |
1 Y
Sickle-cell Hbs HBp* | Sand A
,0 ,‘ i trait i ‘ ‘ £
Ra72,q Sickle-cell ST 1
L L HES Y 4 U S
Famores
Mormal Hb*/Hb* . L A
Migration

Figure 4-6  Electrophoresis of hemoglobin from a person with
sickle-cell anemia, a heterozygote (called sickle-cell trait), and a
normal person. The smudges show the positions to which the
hemoglobins migrate on the starch gel
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‘ TABLE 9.2 Protocols for Detecting Single-Base Variations

Protocol

Advantages

Disadvantages

Main Uses

FLP analysis '
By Southern blots

| By restriction enzyme

digestion and
electrophoresis of
PCR products

Mo requirement for sequence

Rapid; no blotting and
hybridization

CR analysis using ASOs

@Cﬁ '.'f"

No need to run a gel; can
detect all single-base

variations

Requires a large amount

Substitution must affect
restriction site; requires
sequence information from
locus

Genatyping in the absence of

Rapid analysis of restrictio
site polymorphisms among
individuals within a
population

Must know sequence of

ﬁ/t&ff.?‘ J}p‘mcr"a’

alternative alleles

Fos Fone

Standard genatyping
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(A) — Polymaorphic
site GAA
ETT

Treatment of DNA
with EcoRI

C
8

(B} .l — Polymorphic
GAATTC GAACTC site GAATT
CTTAAG I:TTJJ_:SQAG CTTAA
. ’.’ - , 1\- ',' et L
5I . SI
3! 5!
Treatment of DNA
with EcoRI
No cleavage

Figure 2.23 A minor difference in the DNA sequence of two molecules can be detected if the differ-
ence eliminates a restriction site. (A) This molecule contains three restriction sites for EcoRI, includ-

ing one at each end. It is cleaved int
EcoRI site in the middle, in which 5'
cleaved by EcoRL, so treatment of th

0 two fragments by the enzyme. (B) This molecule has an altered
-GAATTC-3' becomes 5'-GAACTC-3'. The altered site cannot be
is molecule with EcoRI results in one larger fragment.
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Positions of
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Duplex DNA i
DNA band
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"Ml 8 ¥ A - |
Duplex DNA
A A DNA band
from allele &
Duplex DNA in homologous Figure 2.24 In a restric-
T tion fragment length
polymorphism (RFLP),
5§ R - alleles may differ in
T the presence or
Homozygous AA absence of a cleavage
5 R N S site in the DNA, In this
¥ O I . 5 example, the a allele
E:ri b:::it . lacks a restriction site
ot @ that is present in the
DNA of the A allele.
, : . The difference in
5 Rl :
3 : = T I fragment length can
Heterozygous Aa be detected by
¥ B DN i Southern blotting.
¥ B . RELP alleles are
DNA bands codominant, which
from 9““"“’9 means {as shown at
the bottom) that DNA
from the heterozygous
z. ..’;' TP : ' v = 1 Aa genotype vields
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Hyhbridization

' banding pattern
from individual
with both allele 1

and allele 2
[
2 ¢ ] Enzyme Enzyme
¢ ¥ v ¥ A 8
B R [ |
b, 0;  a, ay
! Mutation at site &, EE
', prevents cleavage
[ L
¥ ¥ -L 1
| S i |
by b ay
4 Restriction endonuclease A 2
i Restriction endonucleasa B
Probed single-copy region E

BIPERIMENTAL FIGURE 9-46 Restriction fragment
polymorphisms (RFLPs) can be followed like genetic
iers. (a) In the example shown, DNA from an individual is
died with two different restriction enzymes (A and B), which
A0NA at different sequences {a and b). The resulting

gments are subjected to Southern blot analysis (see Figure
B with a radicactive probe that binds to the indicated DNA
0 fgreen) 1o detect the fragments. Since no differences

e the two homologeous chromosomes occur in the

pences recognized by the B enzyme, only one fragment is
. by the probe, as indicated by a single hybridization

d However, treatment with enzyme A produces fragments of

(bl

Grandparents Gfandpamnta

Ch |Idran

%680

Alleles Fragment
lengths
1 10 kb
2 s 7.7 kb
3 = B5kb

two different lengths {two bands are sean), indicating that a
mutation has caused the loss of one of the 2 sites in one of the
two chromosomes. (b) Pedigree based on RFLP analysis of the
DNA from a region known to be present on chromosome 5. The
DNA samples were cut with the restriction enzyme Tagl and
analyzed by Southemn blotting. In this family, this region of the
genome exists in three allelic forms characterized by Tagl sites
spaced 10, 77 or 6.5 kb apart. Each individual has two alleles;
some contain allele 2 (77 kb} on both chromosemaes, and others
are heterozygous at this site. Circles indicate females; squares
indicate males. The gel lanes are aligned below the
corresponding subjects. |After H. Donis-Keller et al., 1987 Call 51:319 |
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Figure 22.7 Detection of the sickle-cell hemoglobin mutation by Southern blot analysis
of genomic DNAs cut with restriction enzyme MstIL
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Figure 9.7 Restriction site polymorphisms can be detected
most efficiently with PCR-based protocols. (a) PCR amplification
of two alleles of a DNA locus with a restriction site polymorphism.
Allele 1 has an EcoRl site that is eliminated in allele 2. The PCR products
amplified from both alleles are identical in size. (b) Exposure of these
PCR products to EcoRl causes cleavage of the allele 1 product but not
the allele 2 product. Gel electrophoresis and ethidium bromide
staining distinguish the three genotypes possible with the two alleles
at this locus.
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Figure 9.18 Diagnosis of hemophilia through the indirect
detection of genotype at the factor VIll locus. The factor VIl
protein participates in a cascade of reactions that result in formation
of a blood clot. (a) A polymorphic Bell restriction site within intron 18
of the factor Vill gene has no effect on gene function but can provide
a marker to follow the segregation of the gene from parents to
children. (b) The family described by the pedigree has two healthy
parents, but the mother is an obligate carrier of the disease mutation
because she has passed this X-linked disease on to her son; her
carrier status is signified by a circle with a dot in the middle. By
comparing the RFLP pattern obtained from the mother's DNA with
the pattern from her son’s DNA, you can see that the disease allele is
associated with the 142-bp Bcll restriction fragment, and the wild-
type allele in the mother’s genome contains a Bcll restriction site that
causes this fragment to be cut into two pieces, one 43 bp and the
other 99 bp in length. Using this information, you can determine
that the firstborn sister is a carrier like her mother, while the male
fetus will be disease free,
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" Locus of a “disease gene”
(a genetic risk factor), O

DNA markers that are close enough
1o a disease gene IenTFFjﬁﬁm
e

DNA markers that are too far from the
disease gene in the chromosome {orare in a
different chromosome) are not linked to the
disease gene. They do not tend to

inherited with the disease gene in pedigrees.

together (genetically linked) wi
disease gene,

; 2§:ﬁg°::;:|:rps?§g: ' The closer a marker is to the disease gene, | A/ A&
g e A a ‘the closer the linkage and the more ij!
likely it is that they will be inherited together.

Figurez.29 Clunce-pts in genetic localization of genetic risk [actors for disease, Polymorphic DNA
markers (indicated by th

_ _ ¢ veni;al lines) that are close to a genetic risk factor (D) in the chromosome
[epd to be inherited together with the disease itself. The genomic location of the risk factor is deter-
mined by examining the k

nown genomic locations of the DNA polymorphisms that are linked with it.

A . . il
() Mapping a disease gene: a special case M"d‘ “"‘! Figure 10.11 Positional cloning: From phenotype to gene.

(2) FISH places markers Clo (a) Correlating the expression of a phenotype with one small segment
in region deleted of the genome. (1) Some diseases, such as Duchenne muscular
(1) Mutant chromosome in mutant chromesome. dystrophy, are caused by a deletion, It is sometimes possible to
associated with disease (3) Physical Candidate observe directly the absence or shortening of a band in a chromosome
MNormal / map genas from an affected individual as compared to the same chromosome
chromosomea from a healthy individual. Even when it is not possible to ohserve the
| J deletion directly, the FISH protocol can detect it. (2) A marker in the
| Delotod Marker 1 g 1 deleted region will hybridize to the chromosome from the healthy
i region Disease = 2 individual, but not ta the same chromosome from the diseased
{ locus Restristion S 3 individual. Markers associated with the disease can be used in linkage
f sites = S analyses of families carrying mutant disease alleles that are not
l = Marker 2 = deletions. (3) When linkage analysis shows that a specific
! chromosomal region contains the disease locus, researchers can
! Hoaer r1ep ? (b) subject the marked region to physical analysi_s. (b) Investigators next
analyze the region between recombination sites that define the
y smallest area within which the disease locus can lie for the presence of
(c) Examine expression Expression

of 151 i : candidate genes (as described later in this chapter). (c) They then
angec:i‘se:ase i ;S&E i Gene Normal Diseased compare the structure and expression of each candidate gene in many
) 1

[+ | diseased and nondiseased individuals. A correlation between a mutant
2 [ — & + | structure or expression for a particular candidate gene and the disease
3 | + = | phenotype can provide evidence that a particular gene is responsible
s 3 T | for the disease phenotype. Proof of the association, however, requires
5 | = R further functional studies, which we describe later in this chapter.

Conclusion; The tested diseased individual shows a correlation o

between the disease phenotype and the absence of ¥
expression from the number 3 gene.
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Figure 21.8 Steps involved in the positional cloning of genes. In humans,
genetic mapping must be done by pedigree analysis, and candidate genes
must be sereened by sequencing mutant and wild-type alleles (step 4a). In
other species, the gene of interest is mapped by appropriate genetic crosses,
and the candidate genes are screened by transforming the wild-type alleles
into mutant organisms and determining whether or not they restore the
wild-type phenotype (step 4b).
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THE DIRECT DETECTION OF GENOTYPE

Plucking one cefl from an B-cell stage human embryo for
direct determination of genatype.
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Figure 10,12
Chorionic villus sampling, a procedure used for early prenatal
diagnosis of genetic defects.
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"IGURE 59.19

The meiotic events

of oogenesis in '
humans. A primary @ Ge?irqld cell
vocyte is diploid. At (diploid)
the completion of the l

first meiotic division,

Primary follicles
Fallopian tube

Fertilization / Y Developing

., follicle
one division product aw | \
is eliminated as a ot 2. R
polar body, while the {zﬂ,??ig) ' b
Dﬂ\cl‘, fhf.‘ secnndary ME|0315 |£/ l
oocyte, is released dn ]
during ovulation. The First Pmﬂ’ bﬂdl’ Secondary Ruptured 2.4
secondary oocyte does oocyte follicls -
not complete the MEIOSIS Ii . (haploid) Corpus luteum u{-‘=
second meiotic / % ~u o
division unuil after " 4
fertilization; thar —— Ovum
division yields a Second (haploid)

second polar body and
a single haploid egg,
or ovum. Fusion of
the haploid egg with a
haploid sperm during
fertilization produces
a diploid zvgote.

Fallopian tube

Uterus

First mitosis
Cleavage

I mplamatlon

Fimbria

FIGURE 59.20
The journey of an egg. Produced within a follicle and released at ovulation, an egg is

swept into a fallopian tube and carried along by waves of ciliary motion in the tube walls.
Sperm journeying upward from the vagina fertilize the egg within the fallopian tube, The
resulting zygote undergoes several mitotie divisions while still in the tube, so that by the
time it enters the uterus, it is a hollow sphere of cells called a blastocyst. The blastocyst
implants within the wall of the uterus, where it continues its development. (The egg and its
subsequent stages have been enlarged for clarification.)
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( Baby Spared Mother's Fate by Genetic Tests as Embr

By DENISE GRADY

30-year-old woman who is very likely 1o develop a rare [orm of Alzheimer's disease before she turns 40 has had a baby
girl who will be spared that fate because she was genetically screened as an embryo before being implanted in her
maother's womb, doctors are reporting.

The case is a medical milestone, the first use of genetic testing to prevent an early onset form of Alzheimer's disease. But some

find it ethically disturbing because within a few years the mother will probably become unable o 1ake care of her daughter, who
will witness her deterioration and death.

The 30-year-old woman, who carried a rare gene making it almost certain she will develop Alzheimer's, wanted to have a child
but hoped to avoid passing on the bad gene. So she sought preimplantation diagnosis, In that procedure, embryos are created in
the laboratory from the mother's eggs and the father's sperm and are tested genetically. Only healthy embryos are implanted in
the mother's uterus,

The case is being described today in The Journal of the American Medical Association by Dr. Yury Verlinsky and his associates
from two private clinics in Chicago.

In a commentary article accompanying Di. Verlinsky's report, Dr. Roberta Springer Loewy and Dr. Dena Towner wrote that the
mother "most likely will not be able to care for or even recognize her child in a few years." Dr. Towner is directlor of the prenatal
diagnosis center at the University of California at Davis, and Dr. Loewy is o bioethicist there.

In an interview, Dr. Loewy said that it was laudable for the mother to try to protect her child from illness but that the child's
physical health was not her only responsibility.

“I'm not trying to pounce on this poor woman,” Dr, Loewy said, but she added that she thought it would be traumatic for the
child 1o watch the mother's slow decline and that if this same woman "wanted to adopt, our society essentially holds the position
that, gee, no, we wouldn't let her do this, wouldn't let her subject a child to this. But because it's coming from her own loins,
this is something we shouldn’t have a say about?”

r. William Thies, vice president of medical and scientific affairs for the Alzheimer's Association, said: "[t's a discussion being
uaeld in absence of any data, Does this end up being harmful to the child? Nobody knows,”

Dr. Loewy also said that society as a whole should consider whether this kind of treatment was the best use of limited medical
TESOUrCes.

In a case like that of Dr. Verlinsky's patient, each effort o begin a pregnancy costs more than $12,000. lnsurance coverage
VAaries.

Dr. Verlinsky said he had no qualms about helping the woman and her husband. "It's totally up to the patient,” he said.

As for the child's losing her mother, he said that many children were brought up by single parents, and that this family would be
no different. Dr. Verlinsky said, too, that the couple had not made their decision in "a moment of emotion,” but had had weeks
and months to mull it over, because the medical procedures they went through in order to conceive take time.

Asked whether the couple would have gone ahead and had children anyway if preimplantation diagnosis was not available, Dr.
Verlinsky said he did not know,

The couple were not available for interviews, he said.

The new report does not apply to most families with Alzheimer's disease, because the form the woman has accounts for less
than 1 percent of all cases. The type of testing the woman had is not done for the more common types of Alzheimer's disease,
which develop much later in life, and in which the role of particular genes is far less clear.

Dr. Thies said, “It's important for people to recognize that this does not represent a strategy that will have much of a public
health impact.”

The woman described by Dr. Verlinsky and his colleagues carries a rare genetic mutation that makes it almost certain she will
develop Alzheimer's disease in her 30's. Her sister, who also has the mutation, developed Alzheimet's symptoms at apge 38,

The gene is involved in the formation of the tangled protein deposits, known as amyloid plaques, found in the brain in people
with Alzheimer's disease. People who carry certain mutations in the gene nearly always develop dementia.

The sister with Alzheimer's declined so much mentally that she had to be moved to an assisted-living center. A brother also had
the mutation and began suffering memory problems at 35. Their father died at 42, with psychological and memory problems.

People who do not want the expense and trouble of preimplantation diagnosis can become pregnant naturally and then have the
tus tested via amniocentesis or another procedure, chorionic villus sampling. But if the fetus has a genetic disease, the parents
Aust decide whether to end the pregnancy. Preimplantation testing is particularly appealing to people who want to avoid
abartion.

The technique has been used to prevent many diseases, including hemophilia, sickle cell anemia, muscular dystrophy,
Tay-Sachs disease, cystic fibrosis and Huntington's disease. It should not be used just IOFICI: embryos of a particular sex,
according (o an opinion issued this month by a professional group, the American Society for REPI'DdIIClI\'C Medicine.
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B PRELIMINARY
COMMUNICATION

Preimplantation Diagnosis
for Early-Onset Alzheimer Disease
Caused by V717L Mutation

Yury Vnrli;m.l.é}'._ PhD
Svetlana Rechitsky, PhD
Oleg Ve—rl.insk}', MS
Christina Masciangelo, M5
l__(evi.n Lederer, MD)

Anver Kulicy, MD, PhD

CCORDING TO THE MOST RE-
cent review,'! preimplanta-
tion genetic diagnosis (PGD)
has been applied to at least 50
different genetic conditions in more than
3000 clinical eycles. In addition to tra-
ditional indications, similar to those in
prenatal diagnoesis, PGD was per-
formed for an increasing number of new
indications, such as late-onset disor-
ders with genetic predisposition and
HLA testing combined with PGD for pre-
existing single-gene disorders.®” These
conditions have never been an indica-
tion for prenatal diagnosis because of po-
tential pregnancy termination, which is
highly controversial if performed [or ge-
netic predisposition alone. With the in-
troduction of PGD, it has become pos-
sible to avoid the transfer of the embryos
carrying the genes that predispose a per-
son to common disorders, thereby es-
tablishing only potentially healthy preg-
nancies and overcoming important
ethical issues in connection with selec-
tive abortions.
To our knowledge, this article pre-
sents the first experience of PGD [or

See also p 1038.

1018 JAMA, February 27, 2002—Vel 287, Mo 8 (Reprinted)

Context Indications for preimplantation genetic diagnosis (PGD) have recently been
expanded to include disorders with genetic predisposition to allow only embryos free
of predisposing genes to be preselected for transfer back to patients, with no poten-
tial for pregnancy termination.

Objective To perform PGD for early-onset Alzheimer disease (AD), determined by
nearly completely penetrant autosomal dominant mutation in the amyloid precursor
protein (APP) gene.

Design Analysis undertaken in 1999-2000 of DNA for the Y717L mutation {valine
to leucine substitution at codon 717) in the APP gene in the first and second polar
bodies, obtained by sequential sampling of cocytes following in vitro fertilization, to
preselect and transfer back to the patient only the embryos that resulted from mutation-
free oocytes.

Setting An In vitro fertilization center in Chicago, |Il.

Patients A 30-year-old AD-asymptomatic woman with a V717L mutation that was
identified by predictive testing of a family with a history of early-onset AD.

Main Outcome Measures Resuits of mutation analysis; pregnancy outcome,

Results Four of 15 embryos tested for maternal mutation in 2 PGD cycles, originat-
ing from V717L mutation—free cocytes, were preselected for embryo transfer, yield-
ing a clinical pregnancy and birth of a healthy child free of predisposing gene muta-
tion according to chorionic villus sampling and testing of the neonate's blood,

Conclusion This is the first known PGD procedure for inherited early-onset AD re-
sulting in a clinical pregnancy and birth of a child free of inherited predisposition to
early-onset AD,

JTAMA, 2002;287:1018-1021 WwWW.jJama.com

early-onset Alzheimer disease (AD),
representing a rare autosomal domi-
nant familial predisposition 1o the pre-
senile form of dementia. Three differ-
ent genes have been lound to be
involved in this form of AD, including
presenilin 1 located on chromosome
14.* presenilin 2 on chromesome 1.7
and amyloid precursor protein (APP)
on chromosome 21.° which is well
known [or its role in the formation of
amyloid deposits found in the charac-
teristic plaques of patients with AD. The

early-onsel dementias associated with
APP mutations are nearly completely
penetrant and, therefore, are potential
candidates for not only predictive test-
ing but also PGD. Of the 10 APP mu-
tations currently described, muta-
tions in exons 16 and 17 have been

Author Affillations: Heproductive Geneties Institute
(Drs Verlinsky, Rechitsky, and Kullew, Mr Verlinsky,
and Ms Masciangelo) and IVF Hiinois (Dr Lederer),
Chicagp,

Cormesponding Author and Reprints: Yury Werlin-
sky, PhD), 2825 N Halsted 5, Chicagn, IL 60657 (e-mai
rgiiflash neth,

02002 American Medical Association. All vights reserved.



reported in the familial cases with the
carliest onset. One of these mutations,
with onset as early as the mid or late
30s, Is due 1o a single G-1o0-C nucleo-
tide substitution in exon 17, resulting
in & valine-to-leucine amino acid change
at codon 717 (VT17L)." This mutation
was identified in 3 of 5 [amily mem-
bers (siblings) tested, 1 of whom pre-
sented for PGD.

METHODS

The patient who presented for PGD was
a 30-year-old woman with no signs of
AD wha carried the V717L mutation.
The patient had been tested because her
sister developed symptoms of AD at age
38 years and was [ound to be carrying
this mutation.” This sister is still alive,
but her cognitive problems pro-
gressed to the peint where she was
placed in an assisted living acility. The
patient's father had died at age 42 years
and had a history of psychological dif-
liculties and marked memory prob-
lems, The V7171 mutation was also de-
tected in one of her brothers, who
experienced mild short-term memory
problems as early as age 35 years, with
a moderate decline in memory, new
learning, and sequential tracking in the
next 2 to 3 years, Other family mem-
bers, including 1 brother and 2 sis-
ters, were asymptomatic,” although pre-
dictive testing was done only in the
sisters, who appeared 1o be free of the
APP gene mutation (FIGURE 1).

Two PGD cycles were performed, in-
volving 2 standard in vitro [fertiliza-
tion cycles, coupled with microma-
nipulation procedures, including
removal of polar body 1 (PB1) and po-
lar body 2 (PB2) and intracytoplasmic
sperm injection, for which the patient
gave informed consent. The study was
approved by the institutional review
board of the Illinois Masonic Medical
Center, Chicago. Testing for the ma-
ternal mutation was done by DNA
analysis of PB1 and PB2, which were re-
moved sequentially following matura-
tion and fertilization of oocytes." A mul-
tiplex nested polymerase chain reaction
{PCR) was performed,® involving the
mutation testing simultaneously with

D2002 American Medical Association, All rights reserved,
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the linked polymorphic marker, rep
resenting the short tandem repeal in in-
tron 1 ([GA], ... [GT].)."

The first-round ampliflication cock-
tail for the multiplex nested PCR sys-
tem contained outer primers for both the
APP geneand linked marker, whereas the
second-round PCR used inner primers
for each gene, We designed the outer
primers APP-1 (5'-GTGTTCTITTG-
CAGAAGATG-3') and APP-102 (5'-
CATGGAAGCACACTGATTC-3') for
performing the first-round amplifica-
tion and the inner primers APP-101 (5'-
GTTCAAACAAAGGTGCAATC3 ) and
APP-103 (5"-TCTTAGCAAAAAGC-
TAAGCC-3") for the second round of
PCR. As shown in FIGURE 2, second-
round PCR produces a 115-base pair
(bp) product, undigested by Mnll restric-
tion enzyme, corresponding to the nor-
mal allele, and 2 restriction fragments of
72 and 43 bp, corresponding to the
mutant allele. There was also an invari-
ant fragment of 84 bp produced in both
normal and mutant alleles, which was
used as a control,

To perform nested PCR [or specilic
amplification of the linked marker
(GA),. .. (GT),inintron 1, we designed
the outer primers Inl-1 (5°-CCT-
TATTTCAAATTCCCTAC-3 Yand Inl-2
(5"-GATTGGAGGTTAAGTTICTG-
3"} for the first round and the inner prim-
ers Inl-3 (5'-CAGCATCTGTCACT-
CAAG-3') and Inl-4 (5'-AATATT-
TGTTACATTCCTCTC-3") [or the
second round of amplification. The hap-
lotype analysis, based on the PB geno-
typing, demonstrated that the affected
allele was linked to the 10 and the nor-
mal one to the & repeats.

The patient was counseled and gave
consent for unaffected embryos that re-
sulted from cocytes determined to be
multation-free, based on both muta-
tion and short tandem repeat analysis,
to be preselected for transfer back to her
and those predicted to be mutant to be
exposed to the confirmatory analysis us-
ing the genomic DNA from these em-
bryos to evaluate the accuracy of the
single cell-based PGD. (We did not
counsel the patient about her decision
to undergo the PGD testing itsell.} The

{(Jflz D04 11 -"!7('.‘)

Figure 1. Pedigree of Family With
Early-Cnset Alzheimer Disease (AD)
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Preimplantation genetic diagnosis far asymptomatic
carrier (|1 &) of the mutant gene linked to the 10 re-
peats {(10) (normal gene [N] is inked to & repeats [&]),
resulting in the birth of an unaffected child (iI1). Pa-
ternal genotype is alsa shown, with the normal alle-
les (M) linked to & repeats (6) and 7 repeats (7). Hap-
lotype analysis shows that the child inherited normal
maternal aliele (N} linked to the & repeats (6), The pa-
tient's sister (II: 1), brother (Il: 3), and father {I) were
affected by early-onset AD. No predictive testing was
performed In her asymptomatic brother, indicated by
an asterisk

patient was also informed about the ex-
pected number of embryos to be trans-
ferred 1o achieve a pregnancy and the
risks of multiple gestation, the misdi-
agnosis rates depending on the avail-
ability of the marker information in ad-
dition to mutation analysis, and the
need for confirmation of PGD by pre-
natal diagnosis.

RESULTS

In the first in vitro fertilization cycle, 8
oocyles were available for testing, of
which 2 were tested by both PB1 and
PB2; both were affecied. In the second
in vitro fertilization cycle, 15 oocyles
were available for testing, of which 13
were tested by both PB1 and PB2. The
mutation and linked marker analysis in
intron 1 revealed 6 normal and 7 al-
fected oocytes. The results of the sec-
ond cycle, resulting in the embryo trans-
fer, are presented in Figure 2. As shown

{Reprinted) JAMA, February 17, 2002—Vol 287, No. 8 1019
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in this figure, vocytes 4, 9, 14, and 15
were clearly normal because bath mu-
tant and normal genes were present in
their PEL, with the mutant gene further
extruded with the corresponding PB2,
leaving only the normal gene in the re-
sulting oocyte. Inaddition, oocytes 3 and
13 were also normal because their cor-
responding PBLs were homozygous mu-
tant, suggesting that the resulting co-
cytes should have been normal, as [urther
confirmed by the presence of the nor-
mal gene in the extruded PB2s, also in
agreement with the linked markers
analysis. However, because only 1 linked

marker was available for testing, a .03
probability of allele dropout of the nor-
mal gene in the carresponding PB1 could
not be excluded, as established in our
previous observations."

The remaining oocyles were pre-
dicted to be mutant, based on hetero-
zygous FB1 and normal PB2 in 4 of them
{oocytes 1, 8, 10, and 11; the heterozy-
gous status of PBLin oocyte 10 was based
on the presence of markers linked to
both normal and mutant alleles, which
is not shown in Figure 2) and homozy-
gous normal PB1 and mutant PB2 in 3
(oocytes 2, 6, and 7). The follow-up

study of the embryos that resulied from
these oocytes confirmed their allected
status in all but 1 (oocyte 7). The latter
may be explained by allele dropout of
the mutant allele in the apparently hei-
erozygous PB1, which was left undetec-
ted because of the amplification failure
of the linked matrker in this case.

To exclude any probability of mis-
diagnosis, the priority in the embryo
transfer was given to 4 of the 6 normal
embryos, resulting from the oocytes
with heterozygous PR2 and mutant PB2.
However, only 3 of these embryos de-
veloped into the cleavage stage and

Figure 2. Preimplantation Diagnosis far V7171 Mutation in the Amyloid Precursor Protein (APP) Gene
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ET Indicates embryo transfer, L, ladder (size standard); bp, base pair; PB, polar body; and uncut, the undigested polymerase chain reaction product. Arrows indicate
fully nested primer sets. &, Map of human APP gene, showing sites and location of Y7171 G-to-C mutation and polymerphic markers. B, Restriction map for nerrmal
and abnormal alleles. C, Polyacrylamide gel analysis of Mnll restriction digestion, showing 6 unaffected (M) oocytes (3, 4, 9, 13, 14, and 15) and 7 mutant (M) oocytes
(1, 2,6, 7, 8,10, and 11). Unaffected oocytes are identified by the gel showing normal (top band) and affected (lowest 2 bands) genes in PB1. After extrusion of the
affected genes in PB2, only normal genes remain. Four of these aocytes (4, 9, 14, and 15) had heterozygous PB4 and mutant PB2, and only 2 (3, 13} had homozygous
mistant PB1 and nomal PB2, leaving & .05 probability for misdiagnosls, noted as N, Docyte 10 had heterozygous PB1 detected by marker analysis {not shown),
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could be transferred (4, 14, and 15), so
an additional embryo (3) was prese-
lected, originating from the oocyte with
homozygous mutant PB1 and the nor-
mal PB2, since these results were also
confirmed by the linked marker analy-
sis. These 4 embryos were transferred
back to the patient, yielding a single-
ton clinical pregnancy, confirmed to be
unaffected by chorionic villus sam-
pling and birth of a mutation-free child
conlirmed after birth by a blood test.

COMMENT

The results presented herein demon-
strate the feasibility of PGD [or early-
onsel AD, providing a nontraditional
aption for patients who wish Lo avoid
the transmission of the mutant gene that
predisposes their potential children to
early-onset AD. For some patients, this
may be the only reason for undertak-
ing pregnancy, since the pregnancy may
be free of an inherited predisposition

PREIMPLANTA l'lD;\A' GENETIC DIAGNOSIS FOR e"lel']E;]Mlzﬂ DISEASE

to AD from the onsel. Because the dis-
case never presents at birth or early
childhood and even later may not be ex-
pressed in 100% of cases, the applica-
tion of PGD lor AD is still controver-
sial. However, because there is cu rrently
no treatment for AD, which may arise
despite presymptomatic diagnosis and
[ollow-up, PGD seems to be the only
relief for at-risk couples, such as the pre-
sented case and the previously re-
ported cases of PGD [or p33 tumor sup-
pressor gene mutations,’

Therefore, prospective parents who
are determined by strong genetic pre-
disposition 1o be at risk for producing
progeny with severe disorders should
be informed about this emerging tech-
nology so they can make a chaice about
reproduction.'*" This seems to be ethi-
cally more acceptable than suppress-
ing information on the availability of

PGD. Despile Jaising impouiant cth-

cal issues,'*'* the results presented

herein, together with previously de-
scribed cases of PGD for late-onset
disorders with genetic predisposition
and HLA typing, demonstrate the
extended practical implications of
PGD, such as providing prospective
couples at genetic risk with more re-
productive options for having unal-
fected children,
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Fig. 1. Embryo splitting
and development of non-
human primates after
embryo transfer. A zona-
free eight-cell stage rhe-
sus embryo, fertilized in
vitro, is dissociated into
eight individual blasto-
meres by mechanical dis-
ruption in Ca®*- and
Mg**-free medium. Two
dissociated blastomeres
are transferred into each
of four empty zonae (A),
thereby creating the four
quadruplet embryos, each
with two of the eight
original cells (B). Split em-
bryos are scored daily for
development and struc-
tural normalcy, and em- -
bryos showing signs of compaction are selected for transfer 1 to 3 days after splitting. Endocrine
profiles are traced daily and implantation is confirmed by ultrasound on day 31 after transfer. A
miscarried pregnancy in which the fetus is absent though the placenta appears normal (C), and the
quadruplet pregnancy with normal fetal development (D) that resulted in the birth of Tetra (Fig.
2) resulted from the transfer of two quadruplet embryos each to two surrogates. Bar in (A) and ['B%.
120 wm; in (C) and (D), 5 cm.

Fig. 2. Tetra, a nonhuman primate quadruplet
cloned from an eight-cell embryo by splitting.
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immediately below). The results are positive (filled circle} for normal individuals and for heterozygates but negative far sickle cell
homozygotes (dashed, unfilled circle). The dot blot at the bottom shows the result of probing with an ASO specific for the sickle cell -globin
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substitution (A +T) at codon B in the P-globin gene, resulting in a GAG (Glu) *GTG (Val) substitution {see middle sequences),

_Aleda-pec, b D2, JO v ucleatrte,

Y=



Usive Asos 74:9 Detoo J}e::/é(e - sl

Alleleg
L

(@) 5 [mmccmﬁhmauemﬂ 5’|G.qmccrd"—r"pca.o.ﬁ.msmc;

ASO for normal allele ASO for mutated allele R ‘('3'""‘{} /“""l'
i NAR kam Pan IR R Je a4 ;3‘9 "'“"“‘f“‘ cell dad o

Gh it flppat cell Ona or
QQalthy @Healthy @\ﬁected i = 4
omozygote heterozygate hemozygote far LT . Y, </ -
for normal allele carrier mmatadgallele “ﬁﬂ R“M{’
-

5 = F ¥ 5
3| ge .

5'.. s
g

- 5 ¥
5 5'

Figure 9.9 Using PCR with ASOs to determine genotype at
the B-globin locus. (a) Before performing the genotyping protocol,
it is necessary to synthesize two oligonucleotides that differ at only a
single base; one of these oligonucleotides is complementary to the
wild-type B-globin allele, the other is complementary to the sickle-cell
allele. These two synthetic DNA molecules serve as the ASOs for the
- sickle-cell genotype assay. (b) Genomic DNA samples obtained from
\ individual people are subjected to PCR amplification with primers
¥ i complementary to nonpolymorphic sequences that flank the base that
- el = = _ mutates to cause sickle-cell anemia. (c) The amplified sample from
AH,L e =i 3 ~ each individual is divided into two aliquots that are blotted directly to
Dasdy & f } f f ' e [§ j ) filter paper. (d) One aliquot from each sample is hybridized to the
' J) J Js wild-type ASO; the other aliquot is hybridized to the sickle-cell ASO.,
(e) Autoradiography indicates the B-globin genatype of each
Hybridize with labeled Hybrldiza wnn labeled individual.
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Table 18.7: Requirements for a population screening program

Reqguirement

Examples and comments

S

A positive result must lead to'some useful action

The whole program must be socially and ethically acceptable

@

The test must have high sensitivity and specificity

The benefits of the program must outweigh its costs

18.6 Population screening

Bopulation screening follows naturally from the ability to test
direcily for the presence of a mutation. Traditionally a
distinction is drawn between sereeming and  diagnosis.
A screening test defines o high-risk group, who are then given
a defimtive diagnostic test. DNA tests are rather different
because there are no separate screening and diagnostic tests.
However, proposals to introduce any population screening test
still need ro satisfy the same criteria (Table 18.7), regardless of
the rechnology used.

18.6.1 Acceptable screening programs must fit certain
criteria

b Preventive treatment, e.g. special diet for PKU

P Review and choice of reproductive options in CF carrier screening
} Subjects must opt in with infarmed consent

}» Screening without counseling is unacceptable

» There must be no pressure to terminate affected pregnancies

» Screening must not be seen as discriminatory

} Tests with many false negatives undermine confidence in the program

b Tests with many false positives, even if these are subsaguently filtered out
by a definitive diagnostic test, can create unaccapmhhr high levels of
anxiety among normal people

B Itis unethical to use limited health care budgets in an inefficient way

An ethical framework for screening

Ethical issues in genetic population screening have been
a commitiee of disinguished American geneti-
rs and theologians, and the reader is
a very detailed survey (Andrews
ms that they

discussed by
cists, climctans, lawye
referred to their report for
et al., 1994), Tt is in the nature of ethical proble

have no solutions, but certain principles emerge.
7 . v ary, with subjects taking the
P Any program must be voluntary i g

positive decision to opt in.

P Programs must respect the autonomy and privacy of the
.' ¥ 54
subject.

4

t he

People who score positive on the test must

What would screening achieve?

The most important single function of any screening program

surgd into any particular course of action. For example, in
countries with insurance-based health care systems, it
would be unacceptable for insurance companies w put
pressure on carrier couples to accepr prenatal diagnosis and

is to produce some useful outcome. It is quite unacceptable to
tell people out of the blue that they are at risk of something

unpleasant, unless the knowledge enables them to do some-
thing about the risk. Froposals to screen for genes conferring
susceptibility to breast cancer or heart attacks must be assessed
stringently against this criterion. Predictive testing for
Huntingron disease might appear to break this rule — but it is
offered only to people who know that they are at high risk of
HD and who are suffering such agonics of uncertainty that
they request a predictive test, and persist despite counseling in
which all the disadvantages are pointed out.

Ideally the useful outcome is treatment, as in neonatal
screcning for phenylketonuria. Increased medical surveillance
is a useful outcome only if it greatly improves the prognosis.
One of the big risks of over-enthusiastic sereening is that it

can turn healthy people into ill people. A special case is
S rLLIm'H_, for carrier status, where the outcome is the puw—
bility of avoiding the birth of an affected child. People
unwilling to accept prenatal diagnosis and termination of
affected pregnancies would not see this as a useful outcome,
and i general should not be sereened. though there will be
some couples who value simply knowing,

terminare affecred pregnancies.

Information should be confidenoal This may

of genetic data, since insurance companies will argue that
they are penalizing low-risk people by not loading the

premiums of high-risk people.

seem
abvious, but it can be a difficult issue — we like to think that
drivers of heavy trucks or jumbo jets have been tested for
all possible risks. Societies with insurance=based healeh care
systems have particular problems about the confidentiality
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FINGERPRINTING WORKS

being tested and transfer their radioactivity
selectively to those fragments.

Finally, the membrane is placed over stan-
dard X-ray film. Radiation emitted from the P-
32 gradually exposes the film and gives a pre-
cise picture of the DNA fragments.

But the process takes time. The P-32 is so
weak that this approach is like sitting in your
dentist’s chair for two weeks to get an X-ray of

your molars. And each of the five loci must be
exposed sequentially. The ten weeks of wait-
ing for the X-ray film to be exposed accounts
for most of the time it takes to complete an
RFLP fingerprint.

Once the film is developed, it's inspected by
the scientist conducting the test and at least
one other expert. In addition, it is scanned into
a computer for precise measurement and

comparison against known samples of DNA.

If lines and bars from the known and un-
known DNA samples don't match, this is
conclusive evidence that they came from dif-
ferent people.

[f the X-ray codes do match, some experts
will argue that they almost certainly came
from the same persen. And other experts will
challenge that conclusion.—J. S.

=

@
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Genome Sequencing Using
Computers and Robotics
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1. DMA is obtained from the
bone marrow cells of patienis
with two typas of loukemia,

Leukemia
patiant i 1

i N

Leukemia
pafient # 2

2. The DNA is exposed 1o |
biochips contalning all known
human genes. =]

3. High spesd compuiter DIOGrams
examine the biochips and ickaitity
amy BNPs, or single nuclestide
|p_nryrnorph:'sms.

|4. The SNP prafiles from each

: " Type of leukernia patient are
E?\I%ZT&EIJ axamined. Leukemia 1 axhibits a
diffarent SNP than leukemia 2.
5. the tw of G}
frg sssociated i t
| gene changes.

FIGURE 19,16
Biochips can help in identifying precise forms of cancer.
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Figure 5.3

The relationship between recombination and map distance.
The farther apart two genes are, the greater the number of possible
sites for recombination, Thus, the probability of recombination
occurring between genes A and B is much less than that between
genes B and C. The percentage of recombinants can provide infor-
mation about the relative genetic distance between two linked genes,
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Figure 5.2

Mechanism nl'_cm;sfi.ug-u;zn_r‘. highly simplified diagram of a
crossover between two nonsister chromatids during meiotic
prophase, giving rise to recombinant (nonparental) combinations
ol linked genes.
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haplotype are best defined by sequencing. Using autornated
protocols to sequence an entire polymaorphic region is often the most
rapid and accurate way to detect changes associated with

polymaorphic alleles at a complex locus.
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Figure 4-6

A complex polymorphic locus
consisting of two adjacent RFLP
sites. (A) The four possible
haplotypes. Arrows indicate
presence of a cleavage site for a
restriction endonuclease. Boxed
4 i S5, et areas are the target sequences
| recognized by the probe. (B)
Southern blots showing the
mm=  relative electrophoretic
b= ] mobilities of the fragments
produced by restriction enzyme
(B) +— digestion of DNA from each

'
¥
(A)
' * | l haplotype. Note that all
= { | pairwise combinations of the
E haplotypes can be
? 4 ; Fom distinguished from one
T 1 ] another; thus, these are
- = | codominant alleles.
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Complex Haplotypes

A contraction of the phrase “haploid genotype.” the term hap-
lotype refers to a specific combination of linked alleles in a
cluster of related genes. Immunogeneticists often use it to de-
scribe the combination of alleles of the major histocompari-
bility complex (MHC): a large cluster of genes on human
chromosome 6 that play 2 role in the immune response. With
the resolving power to look at DNA at the level of nu-
cleotides, “haplotype” now refers to any set of linked DNA
changes along a chromosome. These changes could be in one
or several genes, or in noncoding stretches, The complex
refers to the. multiple types of variation that can exist at alter-
native alleles, including more than one nucleotide substitu-
tion, a substitution in combination with a small deletion,
duplication, or other insertion, Thus. a complex haplotype is
a set of linked DNA variations along a chromosome, with the
possibility of many differences between alternative alleles,

HAPLOTYPE PATTERNS [

PersonA ATTGATICGGAT...CCATCGGA, . CTAA |
Pesand  ATTGATAGGAT | COMGCOAA CTEA |

| Persoric ATTGAT[EG_'GAT...ccm_c-a.e.n._.;_.cTiJA

| PesenD ATTGATAGGAT. GOAGGGGA.

TG4

Pecont  ATTGATICGGAT. GGATCGGA. .CTAA

1
e e e L S T4 |

Building blocks. Persons B and D share a haplotype unlike the other

three, characterizad by three different SMPs.
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Figure 6—4

Use of haplotypes to identify
the source of a new mutation in
an X-linked gene. Each column
represents a hypothetical
haplotype for four RFLP loci,
zach with two alleles (indicated
ay 1 or 2); and the disease
locus, where + indicates the
normal allele and m the mutant
allele. It is assumed that the
presence or absence of the
mutant allele can be detected by
some direct molecular assay,
such as hybridization to an
allele-specific oligonucleotide or
PCR amplification of a portion
of the gene, followed by
sequencing. In either case,
knowing that the mutation is
present in the mother but
absent in both of her parents
does not tell us which of her
parents was the source of the
mutant gamete. Haplotype
analysis, using closely linked
polymorphic loci, solves that
problem. In this example, it is
clear that the affected boy has
his grandfather’s X
chromosome; therefore, the
mutation that he and his
mother possess must have
originated in his grandfather's

germ cells,



The International HapMap Project

The International HapMap Consortium*

“Lists of particiits and affiliatinns appens a1 the end of the paper

.......................................................................

The goal of the International HapMap Project is to determine the common patterns of DNA sequence variation in the human genome
and to make this information freely available in the public domain. An intemational consortium is developing a2 map of these
patterns across the genome by determining the genotypes of one million or more sequence variants, their frequencies and the
degree of association between them, in DNA samples from populations with ancestry from parts of Africa, Asia and Europe. The
HapMap will allow the discovery of sequence variants that affect common disease, will facilitate development of diagnostic tools,
and will enhance our ability to choose targets for therapeutic intervention,

SNP SNP SNP
1 v v

Chromosome1 AACACGCCA.... TTCGGGGTC.... AGTCEAGCCG....
Chromosome 2 AACACGCCA.... TTCOGAGGTC.... AGTCA ACCG....
Chromosome 3 AACATGCGCA.... TTCGGGOTC.... AGTCA ACCa....
Chromosome 4 AACACGCCA.... TTCGZGGTC.... AGTCCACCG....

- \—

Hapiotype1 CTCAAAGTACOGTTCAGGCA
Haplotype2 TTGATTGCGCAACAGTAATA
Haplotypse3 CCCBATGTGTOATACTGOTG
Hapiolype4 TCGATTCCOCAGTTEAGACA

v v '
A T (-
© Tag SNPs - - -
ﬂ c G

a SNPs

Figure 1 SNPs, haplatypes and tag SNPs. &, SNPe. Shown s & short stretch o DNA~ 1 2 SNPs that are shown in panel
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World view: the HapMap initiative
will gather genetic data from
African, Asian and ancestrally
European populations.
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As no personally identifiable information will be linked to the samplas,
the risk that an individual will be harmed by a breach of privacy, or by
discrimination based on studies that use the HapMap, is minimal,
However, becauss tag SNPs for future disease studies will be chosen
on the basis of haplotype frequencies in the populations included in
the HapMap, the data will be identified as coming from one of the four
populations involved, and it will be possitie to make comparisons
between the populations. As a result, the use of population identifiers
ay create risks of discriminabon

hat may not be evident to cutsiders™, To identify and address these
group nsks, a process of community engagement, or public
consultation, was undertaken to confer with members of tha
populations being approached for sample donation about the
Implications of their participation in the project®®”. The goal was to
give pecple in the localities where donors wers recnuted the
cpportunity 1o have input ino the informed consent and sample
collection processes, and inte such issues as how the populations
from which the samples were collected would be named. Community
engagement is not a perfect process, but it is an effort to involve
potential donors in a more extended considaration of the implications |
of a research project before being asked to take part in it
Community engagement and individual informed consent were
conducted under the auspices of local governments and ethics
comimittees, taking into account local ethical standards and
international ethical guidelines, As inany cross-cultural endeavour, the
form and outcome of the processes varied from one population to
ancther, & Community Advisory Group is being set up for each
community to serve as a continuing liaison with the sarmple repositary,
to ensure that future uses of the samples are consistent with the uses
described in the infanmed consent documents. A more detailed articka
discussing ethical, social and cultural issues relevant to the project,
and describing the processes usad to engage donor populations in
identifying and evaluating these issues, is in preparation.

NATURE | VOL 428 | 1825 DECEMBER 2003 | wwaw, nature. com/naiure
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SNP500Cancer: a public resource for sequence

validation and assay development for genetic
variation in candidate genes
Bernice R. Packer*, Meredith Yeager, Brian Staats, Robert Welch, Andrew Crenshaw

Maureen Kiley, Andrew Eckert, Michael Beerman, Edward Miller, Andrew Bergen',
Nathaniel Rothman', Robert Strausberg? and Stephen J. Chanock®
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CTTCTTCCACCCCATCTTTTAAACTTTAGACTCCAGCCACAGAAGCTTACAR
CTARAAGAARCTCTARGGCCAATTTAATCCAAGGTTTCATTCTATGTGCTGG
AGATGGTGTACAGTAGGGTGAGGALACCAAATTCTCAGTTRGCACTGGTGTA
CCCTTGTACAGGTGATGTAA (C/T) ATCTCTGTGCCTCAGTTTGCTCACTAT
AAAATAGAGACGGTAGGGGTCATGGTGAGCACTAC CTGACTAGCATATAAGA
AGCTTTCAGCAAGTGCAGACTACTCTTACCCACTTCCCCCARGCACAGTTGG
GGTGGGGEACAGCTGAAGAGGTGGALLCATRTGCCTGAGAATCCTAATGAAA
TCGGGGTA
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Figure 4. SNP information.
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Race and Medicine

Genetic studies of population differences, although controversial, promise
clues to disease as well as new drug targets, scientists believe

24 OCTOBER 2003 VOL302 SCIENCE wwwisciencemag.org

Agian/African-American SNP Comparison (42 659 SNPs)
24,301 Nl 3220 3407

28

Fraction of SNPs with given (colar)
Asian camier frequency
$ g a2 3 g g

1 5%-30% 30%—45% 4
African-American Carrler Frequency

Biodiversity. More than 42,000 SNPs (genetic variations) found in African Americans are
divided into columns according to how frequently they appear in that population, Colors
indicate the frequency with which these same groups of SNPs are found in East Asians,
For instance, in the second column, of the 7188 SNPs that are found in 15% to 30% of
African Americans, i o As
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Race is a largely non-biological concept con-
founded by misunderstanding and a long
history of prejudice. The relationship of
genomics to the concepts of race and ethni-
city has to be considered within complex
historical and social contexts.

Most variation in the genome is shared
between BT popUTions, Lo S2r TMelec
in_othe uit of hustory and
geography. Use of genetic data to de ner%l
groups, or of racial categories ta classify bio-
logical traits, is prone to misinterpretation.
To minimize such misinterpretation, the bio-
logical and sociocultural factors that inter-
| relate genetics with constructs of race and
ethnicity need to be better understood and
communicated within the next few vears,

This will require research on how differ-
entindividualsand cultures conceive of race,
ethnicity, group identity and self-identity,
and what role they believe genes or other
biological factors have. It will also require a
critical examination of how the scientific
community understands and uses these con-
cepts in designing research and presenting
findings,and of how the media report these.
Also necessary is widespread educatior
about the biological meaning and limita-
tions of research findings in thisarea (Box )
and the formulation and adoption o
public-policy options that protect agains
genomics-based discrimination or maltreat
ment (see Grand Challenge I1-1).
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concepts

A genetic melting-pot

Marcus W. Feldman, Richard C.
Lewontin and Mary-Claire King

ace as a biological concept has had a
Rvarie’qr of meanings. In the taxonomic

literature, a race is any distinguishable
type within a species, such as dark-bellied
and light-bellied variants of small mammals.
In 1937, Theodasius Dobzhansky introduced
the idea of peographical races — populations
of species that differ in the frequencies of one
or more genetic variants. But as no two pop-
ulations have identical pene frequencies at
variable (polymorphic) loci, Dobzhansky’s
definition of race becomes synonymous mrh
that of population.

The classical definition of race, as applied
to our species, is based on phenotypes such as
skin colour, facial features and hair form that
clearly differ between native inhabitants of
different regions of the world. An underlying
assumption is that all of these defining
features (all largely genetic Lraits, although
few of their genes have been identified) are
characteristic of the genome in general. In
other words, just as there are large differences
between races in genes for skin colour, sothere
should be large genetic differences between
races in general In the previous absence of
data to confirm or deny this assumption, it
was not an unreasenable one to make.

But recent studies of genetic diversityindi-
cate that the genes underlying the phenotypic
differences used to assign race categories are
atypical, in that they vary between races much
more than genes in general. Together, the
iconic features of race correlate well with con-
tinent of origin but do not reflect genome-
wide differences between groups.

Discussion has arisen over the implica-
tions of these findings for the utility of racial
classification in medical practice. The issue
of whether race is a biologically useful or
even meaningful concept when applied to
humans in a medical context is controversial
— holders of opposing views each claim to
have evidence to support them. But there is
no contradiction between these two well-
substantiated bodies of data, as they actually

Human migration, as depicted in Charles Hunt’s
Landing at Madras, blurs the boundaries of race.

374

deal with two different questions that have
become confused with one another.

The first question is: “ls it possible to find
DNA  sequences that differ sufficiently
between populations to allow correct assign-
ment of major geographical origin with high
probability?” The answer to this question is
yes, as shown by studies of genetic polymor-
phismsand by universal personal experience.

The second question is: *"What fraction of
human genetic variation, whether based on
protein-coding genes or other sequences,
falls within geographically separated popu-
lations, and what fraction occurs between
these populations?” The answer to this ques-
tion is that most genetic diversity occurs
within groups, and that very little is found
between them.,

Why this apparent paradox? Theanswery

‘is that genes that are geographically distine~

tivein their frequencies are not typical of the'
human genome in general.

It has been suggested that racial catego-
rization has a valid role in good medical
practice because many medically important
genes vary between populations from differ-
ent regions. But although knowing a
patient’s ancestry is often extremely useful
in diagnosis and treatment, race is both too
broad and too narrow a definition of ances-
try to be biologically useful.

For any species, definitions of race can lose
their discriminating power when individuals
migrate to different regions and mate with
their counterparts there. Among humans,
large-scale migrations between continents
— particularly through Buropean colonial
expansion and the commercial slave trade —
has resulted in matings of individuals from
different continents and the creation of new
populations, especially in the Western Hemi-
sphere and Oceania. Many people thus have
ancestry from more than one major geo-
graphical region, meaningthat the association
of phenotypeand geography breaks down.

For example, sickle-cell disease, which is
oftenthought to be an African trait, is instead
characteristic of ancient ancestry in a geo-
graphic region where malaria was endemic.
Africa is one such region, but so are the
Mediterranean and southern India. If sickle-
cell disease is suspected, then the correct
diagnostic approach is not simply to deter-
mine the patient’s race, but to ask whether
they have African, Mediterranean or South
Indian ancestry. To use genotype effectively
in making diagnostic and therapeutic deci-
sions, it is not race that is relevant, but both
intra- and trans-continental contributions
toa person’sancestry.

Race and ancestry are confounded both
by genetic heterogeneity within groups and
by the widespread mixing of previously iso-

© 2003 Nature Publishing Group

Race

Ancestral genetic data are far more
useful for medical purposes than are
racial m@mh& which may be
correlated with disease for social or
economic rather than biological

lated populations. The assignment of a racial
classification to an individual hides the bio-
logical information that is needed for intelli-
gent therapeutic and diagnostic decisions. A
person classified as "black’ or *Hispanic’ by

social convention could have any mixture of |

ancestries, as defined by continent of origin.
Confusing race and ancestry could be poten-
tially devastating for medical practice.

Other attempts to classify people into
broad genetic groups based on the frequency
of specific genes for, say, drug-metabolizing
enzymes, are alsolikely to be poor predictors
of medical outcome. As with racial group-
ings, the overall variation in the frequencies
of such genes between groups is likely to be

less than that within each group.

The conventional,social definition of race
is useful in a medical context as it provides
information about the social circumstances
and lifestyle of patients, But this is a conse-
quence of social history, so any variation is
(at least in principle) transitory. By contrast,
information on the likelihood that a person
carries specific disease-related or treatment-
response genes is grounded in their ancestry
in far more complex ways, We, suggest that
identifying all contributions to a patient’
ancestry can be useful in diagnosing and:
treating diseases with genetic influences
Eventually, for both diagnosis and treatment,
specific genetic variants will provide con-
crete, useful information.
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Human pigmentation genetics:
the difference is only skin deep

Richard A. Sturm,’ Neil F. Box,' and Michele Ramsay?

Summary

There is no doubt that visual impressions of body form and color are important
in the interactions within and between human communities. Remarkably, it is
the levels of just one chemically inert and stable visual pigment known as melanin
that is responsible for producing all shades of humankind. Major human genes
involved in its formation have been identified largely using a comparative genom-
ics approach and through the molecular analysis of the pigmentary process
that occurs within the melanocyte. Three classes of genes have been examined
for their contribution to normal human color variation through the production
of hypopigmented phenotypes or by genetic association with skin type and
hair color. The MSH cell surface receptor and the melanosomal P-protein are
the two most obvious candidate genes influencing variation in pigmentation
phenotype, and may do so by regulating the levels and activities of the
melanogenic enzymes tyrosinase, TRP-1 and TRP-2. BioEssays 20:712-721,
1998. © 1998 John Wiley & Sons, Inc.



TABLE 1. Human Pigmentation Genes
Gene Mouse

Function/
symbol homologue Chromosome Phenotype Protein activity
IYR Albino (c) 11g14-21 ocAl Tyrosinase Tyrosine hydraxylation: DOPA oxidase
TYRP1 Brown (b) 9p23 OCA3ROCA TRP-1 DHICA oxidase
TYRP2 Slaty (slt} 13g31-32 Unknown TRP-2 Dopachrome tautomer ase
P PFink-eyed dilute {p) 15g11.2-12 OCAZ, BOCA P-protein Melanosomal ransmembrane protein
MCI1R Extension (g} 160g24.3 Red hair MSHR

G-protein-coupled receptor

Figure 1. Variation in melanosame structure and distribu-
tionin different groups. A single skin melanocyte cell interdigi-
tating with keratinocyte cells is partitioned into three sections,
Shown within the melanocyte are the four stages of melang-
same farmation from budding from the Golgi apparatus, 10
the ully pigmented stage IV melanosomes migrating up the
dendritic processes of the cell and secreted inta the keratina-
cytes. In African populations, the melanosomes remain as
singular heawily pigmenied particles while in Asians and
Europeans the melanosomes cluster in membrane bound
arganelles giving different skin complexions.
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Figure 14-4 People from different geographic regions vary
in such traits as height, blood type, skin color, and facial fea-
tures. A. An Indian woman. B. An ethnic minority woman from
China. (A, Superstock; B, Paul Grebliunas/Tony Stone Images)
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What Are Human “Races”?

./e all know thar the human species varies in appearance and
in physiology geographically. People of Indian descent, for ex-
ample, are recognizably different from those of Chinese de-
scent. We can look at the shape of the nose, the eyes, and the
ears, for example, and we see differences (Figure 14-4). We can
look ar the distribution of individual alleles and see differences.
Fifty-one percent of Nigerians have type O blood, compared
to only 30 percent of Japanese. Twenty percent of Russians
have type B blood, while the Amerindians of Lima, Peru, have
no detectable levels of type B blood at all.
Nineteenth-century anthropologists struggled to classify
human groups into a few major races. Some systems identi-
fied only 12 races, while other systems listed 30 or more. One
problem was that no matter how anthropologists classified hu-
mans, there always seemed to be tribes or nations that would
not fit into any known group. The Basques, who live in the
Pyrenees mountains berween France and Spain, for example,
appear European. Yet their language and culture are unlike any
other in the world, and some researchers once argued that they
are direct descendants of Stone Age Europeans. Similarly, the
Bushmen are unique among African groups in both appear-
ance and physiology (Figure 14-5).
A more serious problem with the grouping of humans into
aces is that most groups do net stand out from those around
sz: they blend. Because groups of humans inevitably mix,
through migration, warfare, and trade, human “races” are never
pure. Both the Japanese and British, for example, take pride
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in the purity of their island races. Yet the Japanese are a grade
mixture of Korean and Ainu north islanders (a people of pos
sibly European descent). This mix shows up in the distribu
tion of blood types from one end of Japan to the other (Figur
14-6).

The British are even more of a melting por than the Japan:
ese. The Bronze Age Beaker Folk mixed with the Indo-
European Celts in the first thousand years B.c. In the next
thousand years, the Angles, the Saxons, the Jutes, and the Picts
arrived, followed by the Vikings and their descendants, the

Figure 14-5 Classifying humans into a few discrete races
has been unsuccessful. Named races frequently include markedly
distinct peoples. A. A Bushman from Namibia. B. A rubber planta-
tion foreman from the Ivory Coast. (A, M.P. Kahl/Photo Researchers,
lnc.: B, Charles O. Cecil/Visuals Unlimited)
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Figure 14-6 Variation in blood group A in modern Japan. A
Even the |apanese, a relatively homogeneous island race, show
arjation that demonstrates intermarriage with other groups. Popu-
lations closest to mainland Korea have the greatest concentration
of A alleles. Populations closest to Hokkaido have the lowest con-
centrations of A alleles. B. In Hokkaldo lives a remnant population
of Alnu, sometimes called the *hairy Ainu.” The Ainu, who were
once a white minority in Japan, are considered primitive by other
lapanese. The Alnu had white skin, abundant body hair, and round
eyes. Descendants of Causasoid peoples from northern Asia, the
Ainu once lived on all four of Japan's major islands. Today they
live only in the north. Intermarriage and cultural assimilation by
the lapanese have made the traditional Alnu virtually extinct.
A, Superstock; B, from Human Diversity by Lewontin ® 1982 by Scienfific
American Library. Used with permission of W.H. Freeman and Company)

i;ench Norman invaders. In the last century, Africans, Indi-
s, Pakistanis, and others have lent spice to this already heady
mix,

[f the Japanese and the British, seemingly isolared by ge-
ography, are well mixed, most mainland groups represent a
true continuum of traits. In fact, studies of the distributions
of different alleles have convinced researchers that human

races—in the bmlugnal scmcwdn not exist. Ilm is because,
in humans, genetic variation wj latigns han
that between nations or racesJOf all human genetic variation,
85 percent is variation among the individuals within a coun-
try or a continent. Another 6 percent is variation among pop-
ulations from the same continent. Only about 9 percent of all
DNA reflects genetic differences among peoples (“races”) from
different continents#The greatest genetic varia Fhu-
marns 15-fe i rica, If a disaster killed everyone on Earth']
except for those living in Africa, the human species would sdill

retain at least 91 percent of its genetic diversity. Less than 9

percent of all generic diversity would be lost. .

In practice, we focus on the small numbers of traits (for
example, skin color and eye shape) that vary geographically
a subset of the 9 percent—and we use just those few traits to
identify groups of people who differ from us more in their cul-
tural pracrices than in ctheir generic constitutions.

Recent work, for example, shows that many differences in
skin and hair color reflect variations in a single gene. That gene
specifies the structure of a protein, called MCIR. MCIR af-
fects our response to a hormone thar regulates the balance of
different types of skin pigments (melanins). Caucasians who
tan well, for example, have the same form of MCIR that is
present in Africans.

Researchers suggest that variations in skin color represent
adaptations to different amounts of sunlight. A mere handful
of variants are probably responsible for the most obvious traits
that have historically been used to distinguish human “races.”
As geneticists Mary Claire King and Kelly Owens state, “The
myth of major genetic differences across “races” is . . . worth
dismissing with generic evidence.”

s we LumIGET S0MEe pecubiarities of Bramban mstory and social
structure, we can consiruct a model to explain why Color should

|mmwlmu individual leve].
Most have black skin, genetically determined by a very

small number of genes that were evolutionarily selected (3, 6). Thus,
if we have & social race identification system based primarily on
phenotype, such as occurs in Brazil, we classify individuals on the
basis of the presence of certain alleles at a small number of genes
that have impact on the physn:al u.ppearam

AEEN, WE detected lhr: pn:scucc nf such positive asso-
ghly significant levels in the Queixadinha population
{r.la.la not shown). On the other hand, we expect that any initial
admixture association between Color and the PSAs will inevitably
decay over time. It is easy to see how this combination of social
forces could produce a population with distinct Color groups and
yet with similar levels of African ancestry. Let us take as an
example, the historically common Brazilian mating of a white
European male with a black African slave woman: the children with
more physical African features would be considered black, whereas
those with more European features would be considered white,

even though they would have exactly the same proportion of C:g{.’_
African and European alleles. In the next generation, the light-

skinned individuals would assortatively tend to marry other whites ”**Q-
and conversely the darker individuals would marry blacks T'l'lB

To would then he fﬂr his pattern to produce & Als )

id,_nonelhelsss. Doy

Tidy Miakes clear the hazards of equating color or race
with gcugmphlca] ancestry and using interchangeably terms such
as white, Caucasian, and European on one hand, and black,
Negro, or African on the other, as is often done in scientific and
medical literature (34, 35).

PNAS | lanuary 7, 2003 | vol. 100 | no.1 | 181
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Source: R. C. Lewontin, The Genetic Basis of Evolutionary Change (Columbia University Press,
1974).
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PERSPECTIVES: HUMAN GENETICS

r

Mapping Human History

Mary-Claire King and Arno G. Motulsky

a record of the travels and encounters

of our ancestors. The genotypes of
people living today are the result of an-
cient human migrations, the continuous
appearance of new mutations, selection by
climate and infection for genetic alleles
that conferred a survival advantage, and
mating patterns determined by cultural
norms. By sampling genotypes from people
across the globe, peneticists have recon-
structed the major features of our history:
our ancient African origin, migrations out
of Africa, movements and settlements
throughout Furasia and Oceania, and peo-
pling of the Americas (/-5). As genomic
technology has improved, these analyses
of genotype have successively incorporat-
ed new markers: blood groups (2), protein
polymorphisms (2), mitochondrial DNA
sequences (1), Y chromosome haplotypes
(3), and highly variable nuclear micro-
satellite markers (4. 3).

The most recent contribution to this lit-
erature is by Rosenberg ef al. (6) on page
2381 of this issue. These investigators ex-
plored the genetic structure of human pop-

The DNA of modern humans contains

The authors are In the Department of Medicine
{Medical Genetics) and Department of Genome Sci-
ences, University of Washington, Seattle, WA 98195,
USA. E-mail: mcking@uwashington.edu

ulations using highly variable markers on
the human autosomes of individuals from
different parts of the world. The genotyped
markers were microsatellite short tandem
repeat sequences that do not encode any
expressed genes and are generally selec-
tively neutral. The populations studied
were defined by geography, language, and
culture, and participating individuals were
well rooted in their populations, with sev-
eral generations of ancestors known to
have lived in the same locale as the partic-
ipant. Genotypes from more than a thou-
sand individuals were evaluated by a sta-
tistical method that defines clusters of
people on the basis of genetic similarity at
multiple loci, without using prior informa-
tion about ancestry. In this method, indi-
viduals are assigned to clusters probabilis-
tically (3, 7). Individuals may have signifi-
cant probabilities of membership in more
than one cluster due either to genetic simi-
larities of groups or to ancesiral intergroup
matings. The world map (see the figure)
illustrates variation at one microsatellite
marker in 12 populations. This marker has
four commeon alleles, each of which ap-
pears in all populations. Rare alleles are
shared by fewer populations, Few alleles
are unique to only one population. No al-
lele is population specific.

Previous genetic analyses of human

20 DECEMBER 2002 VOL 298 SCIENCE wwwsciencemag.org
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history have consistently suggested that
most human genetic variation is due to
differences among individuals within
populations rather than to differences
among populations (4. 8). The Rosen-
berg er al. analysis of many more mark-
ers and many more people confirms this
enetic variation is
due to genetic differences among indi-
VITUATS Who are members of the same
vipasionis-dyc o differences amane the

] lag) S.

The power of the method lies in the
construction of clusters on the basis of ac-
cumulated small differences in allele fre-
quencies across many markers and many
people. Statistical clustering of geno-
types—composed of 4682 alleles from
377 markers in 1056 individuals from 52
populations—yields groups corresponding
to major geographic regions of the world
[see figure 1 in (6)]. Creation of two clus-
ters reflects ancient human origins in
Africa and rapid expansion throughout
Eurasia. and migrations to the Americas
from East Asia. Creation of five clusters
yields groups corresponding to five major
geographic regions of the world: Africa,
Eurasia (Europe, the Middle East, Central
and South Asia), East Asia, Oceania, and
America. There is excellent agreement
between membership of individuals in
these clusters and their self-identified
regions of origin. Similar results were ob-
tained by the same statistical approach
based on fewer populations and fewer
markers [Table 2 of (5)].




Population substructure could be con-
sistently identified within some geograph-
ic regions but not others, Within Africa,
for example, analysis consistently yielded
the same four subclusters: Mbufi Pygmies,
Biaka Pygmies, San peoples, and speakers
of Niger-Kordofanian languages (Bantu,
Yoruba, and Mandenka populations). In
contrast, within Europe, multiple analyses
were not consistent. Many more individu-
als will need to be included to sort out Eu-
ropean demographic history.

SCIENCE'S COMPASS

without discontinuities between clusters,
After thousands of years—if enough
markers and people are sudied—allele
frequency differences are collectively ade-
quate to create clusters that correspond to
the major migrations of human history.
What are the implications of the
Rosenberg ef al. findings for medicine?
The current medical literature increasingly
includes studies exploring population dif-
ferences in disease incidence or in efficacy
or adverse responses to dru;, treatment (3,

Wortd average gy :
{52 populations) T
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Humans on the move. Worldwide genetic variation at a neutral marker Allele Erequem:les of ane
randomly chosen microsatellite marker reveal common alleles shared in all populations and the

gradual and arbitrary differences in allele freiiiﬁi EE ;Emss Eeoimpﬁ 3 ieglons. Populations
shi P 3 and Bantu (Africa); French, Russians, Palestinians, and Pakistani

‘, AP A The glegant statistical mal¥sis of hu-
man populatmn structure by Rosenberg

Brahul (Eurasia); Han Chinese, Japanese, and Yakut (East Asia); New Guineans (Oceania); and Maya
and Karitianans [America). Each color on the diagrams represents one of ninz allalag gf
GGAAZIHO3 (D1351493), which range in length from 219 to 255 base pairs. By accumulating
small differences in allele frequencies from hundreds of such highly variable markers and hundreds

of people, statistical methods reveal genetic clusters of Africans, Eurasians, East Asians, Pacific Is-
landers, and Americans, corresponding to major ancient human migrations (6).

The identification of clusters corre-
sponding to the major peographic regions
may depend on the sampling of individu-
als from well-defined, relatvely homoge-
neous populations. If individuals were
sampled from a worldwide “grid” (or a
worldwide grid weighted by population
density), the clusters might be much less
precisely defined. Does the correspon-
dence of worldwide genetic clusters and
major geographic regions suggest borders
around genetic clusters analogous to the
physical borders—oceans, mountain
ranges, and deserts—separating geograph-
ic regions? No. Both the results of Rosen-
berg and colleagues and those of previous
studies (/-5 &) idicate that unlike sepa-
rations between geographic regions, differ-
ences in allele frequencies are gradual,

www.sciencemag.org  SCIENCE VOL 298 20 DECEMBER 2002

9). The rationale of these studies is that al-
leles influencing disease susceptibility or
treatment response may differ in frequency
across populations. Consequently, individ-
uals would be berter served if critical
genotypes were taken into account when
assessing disease risk or designing treat-
ment regimens. In the absence of knowing
the identities of the critical alleles, person-
al ancestry as indicated by study partici-
pants is often used as an initial but poten-
tially misleading substitute.

The Rosenberg et al. data suggest that
with the exception of ancient highly se-
lected loci (for example, the Duffy null
blood group, which confers complete pro-
tection against vivax malaria), very few
alleles will be both confined to one popula-
tion and common enough in that population

@

to dictate medical management for the
entire group. Instead, critical alleles influ-
encing disease risk or response to treat-
ment are likely to be either ancient,
worldwide, and relatively common in
many populations, or geographically local-
ized and individually rare (/{).
Differences among populations in dis-
ease frequency and treatment ocutcome
certainly occur but may not be genetic in
origin. Given that the major population
origin of groups can be defined by mult-
locus genotype clustering (5-7) without
questioning individuals about their
ancestry, it may be tempting in epidemio-
logic and clinical studies to omit pop-
'\\ ulation characterization through
self-reporting. However, correla-
tions identified by the cluster-
ing method may be falsely
ascribed to genes when in
fact they had nothing to do
with genetics but were
caused by social, economic,
or discriminatory factors
| linited to a genetically de-
; fined population cluster
{11). To evaluate medically
/' important group differences,
/it is therefore necessary to
" take all such risk factors into
" account, Patients and study partici-
©  pants are usually the best source of
such information.

iy

an cagu
milgrations out o
across Asia, |
icas. By genotyping a large sample of an
fdividual’s alleles, it is possible to identify
the migrations in which his or her ances-
lorsma But the link between his-
torical genetic demography and medically
important risk is complex. Disease suscep-
tibility may be genetic but not geographi-
cally clustered, or geographically clustered
but not genetic, or neither, or both.

into Eur
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