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CLINICAL SCENARIO

A 55-year-old man consults you, wor-
ried about his risk of developing Alz-
heimer disease. His grandfather had de-
mentia in his 70s, and his own father
was diagnosed with dementia at 65
years. He has been a smoker since he
was 20 years of age, works as an elec-
trician, and has been taking antihyper-
tensive medication (thiazide and B-
blocker) for the last 5 years. He has
never had his cholesterol level checked.
He has recently read a news story about
genetic tests and asks you whether he
should have any genetic test for de-
mentia risk, in particular for a gene
called APOE.

THE SEARCH

Consulting your electronic medical texts,
you find a section addressing genetic risk
factors for dementia. You come across
wordssuch as allele, genotype, and genetic
association and encounter many abbrevia-
tions, including APOE, e3/e4, and e4/e4
(BOX). A colleague with an interest in
genetics steers you toward a helpful
Web site, the HuGE Navigator,' and you
find that there are apparently more than
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This is the first in a series of 3 articles serving as an introduction to clinicians
wishing to read and critically appraise genetic association studies. We sum-
marize the key concepts in genetics that clinicians must understand to review
these studies, including the structure of DNA, transcription and translation, pat-
terns of inheritance, Hardy-Weinberg equilibrium, and linkage disequilib-
rium. We review the types of DNA variation, including single-nucleotide poly-
morphisms (SNPs), insertions, and deletions, and how these can affect protein
function. We introduce the idea of genetic association for both single-
candidate gene and genome-wide association studies, in which thousands of
genetic variants are tested for association with disease. We use the APOE poly-
morphism and its association with dementia as a case study to demonstrate
the concepts and introduce the terminology used in this field. The second and

third articles will focus on issues of validity and applicability.
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1000 publications on genetic associa-
tions of Alzheimer disease that dis-
cuss several hundred genes; the whole
endeavor seems daunting. A quick In-
ternet search reveals that many com-
panies offer genetic tests for Alzhei-
mer disease, often as part of testing
hundreds of thousands of genetic varia-
tions. You realize that you need to re-
view your basic genetics knowledge and
discover more about how to read ge-
netic association studies.

The Human Genome Project has
greatly stimulated interest in genetic de-
terminants of disease. The determi-
nants of common mendelian diseases
that involve a single gene (eg, cystic fi-
brosis, Huntington disease) are well es-
tablished. Current research addresses
the role of genetics in the chronic dis-
eases composing the major causes of
human morbidity and mortality, dis-
eases that result from the concomitant
effect of environmental, behavioral, and
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Box. Glossary
Additive

Describes any trait that increases proportionately in expres-
sion when comparing those with no copy, 1 copy, or 2 cop-
ies of that allele, ie, those with 1 copy of the allele show more
of the trait than those without, and in turn, those with 2
copies show more of the trait than those with 1 copy

Allele

One of several variants of a gene, usually referring to a spe-
cific site within the gene

Candidate gene study

A study that evaluates association of specific genetic vari-
ants with outcomes or traits of interest, selecting the vari-
ants to be tested according to explicit considerations (known
or postulated biology or function, previous studies, etc)

Chromosome

Self-replicating structures in the nucleus of a cell that carry
the genetic information

Dominant

Describes any trait that is expressed in a heterozygote, ie,
one copy of that allele is sufficient to manifest its effect

Genome

The entire collection of genetic information (or genes) that
an organism possesses

Genome-wide association study

A study that evaluates association of genetic variation with
outcomes or traits of interest by using 100 000 to 1 000 000
or more markers across the genome

Genotype

The genetic constitution of an individual, either overall or
at a specific gene

Haplotype

Alleles that tend to occur together on the same chromo-
some because of SNPs being in proximity and therefore in-
herited together

Heterozygous

Anindividual is heterozygous at a gene location if he or she
has 2 different alleles (one on the maternal chromosome and
one on the paternal) at that location

Homozygous

An individual is homozygous at a gene location if he or she
has 2 identical alleles at that location

Isoform

Variant in the amino acid sequence of a protein

Linkage

The tendency of genes or other DNA sequences at specific

loci to be inherited together as a consequence of their physi-
cal proximity on a single chromosome

Linkage disequilibrium

A measure of association between alleles at different loci
Locus/loci

Thesite(s) ona chromosome at which the gene for a particu-
lar trait is located or on a gene at which a particular SNP is
located

Messenger RNA

A ribonucleic acid-containing single-strand copy of a gene
that migrates out of the cell nucleus to the ribosome, where
it is translated into a protein

Mutation

A rare variant in a gene, occurring in <1% of a population;
cf polymorphism

Pedigree

A diagram depicting heritable traits across 2 or more
generations of a family

Phenotype

The observable characteristics of a cell or organism, usu-
ally being the result of the product coded by a gene (geno-
type)

Polymorphism

The existence of 2 or more variants of a gene, occurring in
a population, with at least 1% frequency of the less com-
mon variant (cf mutation)

Recessive

Describes any trait that is expressed in a homozygote but
not a heterozygote, ie, 2 copies of that allele are necessary
to manifest its effect

Ribosome

The protein synthesis machinery of a cell where messenger
RNA translation occurs

SNP

Abbreviation for single-nucleotide polymorphism, a
single base pair change in the DNA sequence at a particu-
lar point compared with the “common” or “wild-type”
sequence

Synonymous SNP

A SNP that does not lead to a change in the amino acid
sequence compared with the common or wild-type
sequence; cf nonsynonymous, in which there is a change
in the amino acid sequence as a result of the SNP

Variant allele

The allele at a particular SNP that is the least frequent in a
population

Wild-type allele

The allele at a particular SNP that is most frequent in a popu-
lation, also called “common” allele

©2009 American Medical Association. All rights reserved.

(Reprinted) JAMA, January 7, 2009—Vol 301, No. 1

75



USERS’ GUIDES TO THE MEDICAL LITERATURE

genetic factors. In the last year alone,
major studies have tested hundreds of
thousands of genetic variations (“poly-
morphisms”), trying to establish the ge-
netic determinants of coronary artery
disease,” type 2 diabetes,’ stroke,* mul-
tiple sclerosis,’ breast cancer,® bipolar

disorder,” rheumatoid arthritis,® Crohn
disease,” and Alzheimer disease.!!
There are many reasons why a clini-
cian may wish to understand the re-
sults of genetic association studies. This
genetic information may shed light on
pathways involved in disease and iden-

Figure 1. Components and Structure of DNA
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The building block of DNA is the nucleotide—a sugar (deoxyribose) with a phosphate group at the 5’ carbon
and a base (adenine, thymine, guanine, or cytosine) at the 1’ carbon. Nucleotides link together by a bond
between the phosphate group of one nucleotide and the 3’ carbon of the previous nucleotide, to form a single
DNA strand with a resulting directionality of 5’ to 3". Two strands with opposite directionality combine to form
a double helix that is held together by hydrogen bonds across the bases. Adenine always binds to thymine and
guanine always binds to cytosine. The sequence of base pairs encodes the genetic information.
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tify new targets for therapeutic interven-
tions, advances that are of interest in ba-
sic and applied research. Genetics might
be able to improve diagnosis or im-
prove the ability to use therapeutic agents
more efficiently and with less risk, an area
termed pharmacogenomics. Although few
genomic applications have reached this
level of utility, despite the claims of com-
panies marketing genetic tests, this might
change in the future. The most likely
short-term clinical effect of this genetic
information is to enhance risk stratifi-
cation and provide patients with infor-
mation about their prognosis.

This series of 3 articles aims to pro-
vide clinicians with an introduction to
reading and understanding genetic stud-
ies in medicine. This first article sum-
marizes the key genetic concepts clini-
cians must understand to read articles
offering genetic associations for pos-
sible clinical use; those familiar with basic
genetics may wish to move straight to the
second article. That article, along with
the third, will focus on issues of validity
and applicability fundamental to criti-
cal appraisal of such studies. Through-
out the series, our presentation will be
simplified but sufficiently detailed to
allow readers to judge the relevant issues.

THE GENETIC BLUEPRINT

In 1953, James Watson and Francis Crick
proposed a winding staircase (double he-
lix) structure of DNA (FIGURE 1). The
sides of the staircase or ladder, called
strands, are formed by alternating sugar
(deoxyribose) and phosphate mol-
ecules; the rungs of the ladder are
formed by 4 nitrogen-containing ring
compounds called bases: adenine (A),
thymine (T), guanine (G), and cyto-
sine (C). A pair of these bases forms
each rung of the ladder; adenine al-
ways binds to thymine and cytosine al-
ways binds to guanine to form the full
rung. Thus, each rung of the helix lad-
der is called a base pair. A single base
plus its associated sugar and phos-
phate groups is called a nucleotide.
One long stretch of double-stranded
DNA, forming the spiral staircase, con-
stitutes 1 chromosome, on which there
are many genes, a gene being a stretch of

©2009 American Medical Association. All rights reserved.



DNA that typically codes for 1 protein.
Twenty-three chromosomes in the sperm
and the corresponding 23 chromosomes
in the egg come together at fertilization
to form the entire “DNA set” of ahuman,
called the genome. Each person therefore
has 23 pairs of chromosomes, of which
1 pairis the sex chromosomes that deter-
minesex. The other 22 pairsare numbered
1 to 22, providing each person with 2 ver-
sions of each gene, one on the maternally
inherited and one on the paternally inher-
ited chromosome (FIGURE 2).

DNA is the blueprint for making pro-
teins that build cells and tissues and en-
zymes that catalyze biochemical reac-
tions within a cell. The information on
the DNA guides the production of pro-
teins through a 2-step process of tran-
scription and translation.

The first step involves transcribing
DNA into messenger RNA (mRNA)
(FIGURE 3). The mRNA molecule mi-
grates out of the nucleus to the cytoplasm
to reach the protein-building machin-
ery of the cell, known as the ribosome.
Here, during the second step, the mRNA
molecule s translated into protein, using
the code tolinkamino acids oneata time.
These processes of transcription and
translation convert the genetic informa-
tionat one gene, called the genotype, into
the protein that, in concert with other
genes, their proteins, and environmen-
tal exposures, determines the final at-
tribute, the phenotype (eg, hair color,
height, thrombophilia).

HUMAN VARIATION

Sequencing the human genome—
identifying the entire sequence of base
pairs in the 25000 genes that consti-
tute human DNA—has revealed that the
sequence is more than 99% identical
across different people.'? However, the
human genome includes 3.3 billion base
pairs; thus, even with this high level of
similarity, there are still more than 12
million potential variations between 2
people’s genomes.'* ! Differences in
gene structure that occur infrequently
in populations, ie, less than 1%, are
called mutations, whereas differences
that occur more frequently, ie, greater
than or equal to 1%, are called poly-
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morphisms (FIGURE 4). These polymor-
phisms may take a number of differ-
ent forms:

1. thepresence orabsence of an entire
stretch of DNA (insertion/deletion poly-
morphisms),avariation of which involves
DNA duplication, called copy number
variation, or CNV;

2. repeating patterns of DNA that
vary in the number of repeats; each re-
peating “unit” may vary from 2 to 3 to
hundreds of base pairs long and may
repeat a few times to hundreds of times;
and

3. asingle—base pair change, called
a single-nucleotide polymorphism, or SNP
(pronounced “snip”). This is by far the
most common polymorphism; scien-
tists have cataloged more than 12 mil-
lion SNPs to date.”"> Some SNPs are
in parts of the gene that are translated,
ie, code for protein: among them, non-
synonymous SNPs lead to a change in
amino acid sequence of the resultant
protein, whereas synonymous SNPs do
not result in amino acid change. Other
SNPs are in areas of the chromosome
that do not directly code for protein but
may still influence cell function through
other means, such as controlling the
amount of the protein that the cell
builds. Given the very large number of
SNPs, their nomenclature can be con-
fusing, but the most common system
uses a number with the prefix “rs” (for
reference SNP), eg, rs1228756.

The different forms or variants that a
particular polymorphism may take are
called alleles. For example, the APOE gene
in the clinical scenario has 3 alleles, named
e2, e3, and e4 (e for epsilon; for histori-
calreasons, thereisno el). The location
along the DNA strand at which a particu-
lar allele is present is called a locus. In a
feral moment, geneticists decided to call
the form of the gene that is most common
in the population the wild type; we will use
the less colorful term common allele;
and the less common allele(s), variant
allele(s). The differentalleles—in the case
of SNPs, only the nonsynonymous
SNPs—result in production of different
forms of the protein for which the gene
isresponsible. These different proteinsare
called isoforms.

Of the APOE alleles, allele €3 is most
common in white populations (78%)
and thus represents the common al-
lele; e2 and e4 are variant alleles (with
a frequency of 6% and 16%, respec-
tively, among white individuals). Physi-
ologically, the apoE protein carries a
form of cholesterol and binds to the apoE
receptor on the surface of cells for the
cholesterol to be metabolized. Of the 3
protein isoforms that result from the 3
corresponding APOE alleles, the e2 iso-
form has decreased strength of bind-
ing, or affinity, to the apoE receptor. The
proteins resulting from the e3 and e4
alleles, the e3 and e4 isoforms, have
higher affinity compared with e2. (For
the sake of simplicity, we have pre-
sented the 3 alleles of the APOE gene,
leading to the 3 isoforms, as if they are
changes at one point in the DNA. In fact,
these isoforms are defined by changes
at 2 points in the DNA, leading to
changes in 2 amino acids (positions 112
and 158) that make up the apoE pro-
tein: alleles €2, €3, and e4 at the DNA
level lead to amino acids cysteine/
cysteine, cysteine/arginine, and arginine/
arginine at these 2 sites, respectively).

Because each person has 2 versions of
each chromosome, one from the mother
and one from the father, individuals have
2 APOE genes. The 2 relevant chromo-
somes (in the case of apoE, the 19th
chromosome) may carry the e3 allele
(denoted e3/e3) or 1 each of e3 and e2
alleles (denoted e2/e3), or any other
combination, eg, e2/e4, e3/e3. This
shorthand denotes the “genotype” of the
individual. Individuals with 2 copies of
the same allele are said to be homozy-
gous, or a homozygote; ie, an individual
with e3/e3 is homozygous for e3, or an
e3 homozygote. Conversely, an indi-
vidual with 2 different alleles, eg, e2/
e3, is a heterozygote, or heterozygous.

Individuals with e2/e3 produce some
e2 protein and some e3 protein. The
question then follows: which protein
function wins? If the variant allele is
dominant, it need be present in only 1
of the 2 genes to carry all the biologi-
cal activity. In such cases, the allele on
the other chromosome will remain bio-
logically “silent.” Conversely, an al-
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main silent. If 2 differing protein iso-  of protein function is known as an ad-
forms resulting from 2 different alleles  ditive, or per-allele, model. These domi-
(eg, €2, e3) share function, the model nant, recessive, and additive/per-

lele that is recessive will need to be pre-
sent on both genes, ie, homozygous, to
affect function; it will otherwise re-

Figure 2. Human Male Karyotype, Chromosome Structure and Mapping, and Location of APOE
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A, Typically, an individual has 23 pairs of chromosomes. One member of each pair is inherited from the mother and one from the father. Chromosomes shown in the
karyotype were obtained when the cell was not dividing, stained using Giemsa, and ordered by size. B, The DNA double helix is wound around proteins called histones
to form small packages called nucleosomes. The nucleosomes in turn are wound around themselves to form loops that make up the chromosome. The region of the
chromosome near the center is called the centromere, and each end is called a telomere. C, The centromere is not exactly at the center of the chromosome, resulting
in a shorter arm, named p for petit (French for small) and a longer arm, named q. Chromosome 19 is the site of the APOE gene, which is composed of sequences with
regulatory functions (untranslated regions) and sequences with coding functions. Regions of the gene that are spliced out during transcription to messenger RNA are

called introns. The remaining regions, exons, contain the sequences that code for the final protein product.
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allele models are called models of
inheritance, or genetic models.

As it turns out, the APOE alleles act
pretty much in an additive manner;
thus, e2/e3 individuals have overall
apoE function that is partway be-
tween the reduced affinity of an e2 ho-
mozygote and the higher affinity of an
e3 homozygote. With most genetic as-
sociation studies for complex dis-
eases, the inheritance model remains
unknown.

USERS G

EXAMINING GENES

AT THE POPULATION LEVEL

In genetics, it is usual to describe the
distribution of the alleles of interest in
the population. In the same way that
most continuous variables in medi-
cine observe a normal distribution, most
allele distributions observe what is
called Hardy-Weinberg equilibrium
(HWE). The Hardy-Weinberg law states
that if there are 2 alleles at a particular
locus, named A and a, with frequency

UIDES TO THE MEDICAL LITERATURE

p and q, respectively, then after 1 gen-
eration of random mating the geno-
type frequencies of the AA, Aa, and aa
groups in the population will be p?, 2pq,
and q?, respectively. Given that there
are only 2 alleles possible, A or a, then
ptq=1,and p*+2pq +q’=1.Itis gen-
eral practice in a genetic association
study to check whether the allele fre-
quencies observe HWE proportions.
Deviations from HWE in the popula-
tion may be due to the following:

Figure 3. Transcription and Translation
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During transcription, the DNA double helix is split apart, and RNA polymerase synthesizes messenger RNA (mRNA) using one DNA strand as a template. Sections of
the primary mRNA transcript, called introns, are spliced out to form the mature mRNA, which moves into the cytoplasm. The ribosome uses the mRNA sequence to
build the protein. A specific sequence of 3 bases codes for each amino acid, which is delivered to the ribosome by transfer RNA. UTR indicates untranslated region.
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e Genetic drift, a process in which
a population is isolated, with a limited
number of possible matings

e Migration

e Inbreeding, ie, marrying close rela-
tives, because HWE depends on ran-
dom (with respect to the relevant gene)
mating

Figure 4. Common (Wild-Type) Allele and 4 Types of Genetic Polymorphisms
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¢ New mutations; only very new
mutations upset HWE because equi-
librium is usually reached within 1 gen-
eration in a sufficiently large popula-
tion (this is where the “equilibrium” in
HWE comes from)

e Selection, eg, a selective disadvan-
tage of a particular allele that leads to
fetal death.

Deviations from HWE may also sig-
nal methodological problems with the
genetic study (eg, error in genotyping or
population stratification), a possibility
discussed in the next article in this series.

CANDIDATE GENE VS
GENOME-WIDE APPROACHES

Investigators conducting genetic asso-
ciation studies may target genes for inves-
tigation according to the known or pos-
tulated biology and previous results, an
approach known as candidate gene asso-
ciation. Alternatively, they may screen the
entire genome for associations, an
approach that has, in recent years, trans-
formed the field of genetic association
studies. Researchers now investigate hun-
dreds of thousands of SNPs across the
entire genome, without any previous
hypotheses about potential mecha-
nisms or candidates. This type of “agnos-
tic” study, “genome-wide association,”
or GWA, has greatly accelerated the pace
of discovery of genetic associations.'®!"”

As discussed in the next article in this
series, testing so many potential genes si-
multaneously carries the risk of finding
many spurious associations. For this rea-
son, SNPs that seem to have strong or
suggestive statistical signals in an initial
GWA study are then tested for replica-
tion in other large data sets or studies.
To ensure that the discoveries are not just
statistical flukes, replication studies are
often published along with the initial
data.” The boundaries between candi-
date gene studies and agnostic GWA
studies can become blurred, and the 2
types of studies are not mutually exclu-
sive: GWA studies propose new candi-
dates for replication but may also inter-
rogate traditional candidates.

Whether hypothesis-driven or GWA
studies, genetic association studies usu-
ally represent population-based investi-
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gations in which diseased and nondiseased
individuals are unrelated. Genetic stud-
ies (either candidate or genome-wide) may
also be carried out among family mem-
bers in large pedigrees affected by a rare
disease caused by a rare mutation. Insuch
studies, the presence of certain stretches
of DNA or genes in family members with
disease and their absence in those with-
outdisease is called linkage analysis. The
methodsand interpretation of family stud-
ies differ radically from those of pop-
ulation-based studies,'®'” and this series
is restricted to discussion of the latter.
Because detecting SNPsis relatively easy
and they are responsible for most of the
genetic variation in humans, they have
been the focus of most of the research ex-
ploring gene-disease association. The ba-
sicidea ofa gene-disease association study
isrelatively simple. In the same way that
variation in an exposure is linked to an
outcome (eg, cholesterol and myocardial
infarction) in a traditional epidemiologic
study, variation in a gene is linked to an
outcome (eg,a SNP in the cholesteryl es-
ter transferase gene and myocardial infarc-
tion) in a genetic association study.

LINKAGE DISEQUILIBRIUM

One goal of traditional epidemiology,
elucidating causation, can be frus-
trated by noncausal associations. Tra-
ditional epidemiology tries to deal with
this problem by adjusted or multivar-
iate analysis. For example, when ex-
amining the association of hypertension
with stroke, investigators will simulta-
neously adjust for other variables, in-
cluding age, sex, smoking, and obesity.

In genetic association studies, one
goal may be to establish whether a SNP
is causally associated with the out-
come (eg, presence or absence of dis-
ease). This requires isolating the func-
tion of a particular SNP from the other
SNPs that may be nearby in the gene.
In practice, because stretches of the ge-
nome tend to be inherited together as
aunit (a situation known as linkage dis-
equilibrium), this may be difficult. Thus,
the association of a SNP with an out-
come, no matter how strong, may be
noncausal. It is possible that some other
SNP in linkage disequilibrium with the

©2009 American Medical Association. All rights reserved.
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one under study is the true causal vari-
able. Although this is an important dis-
tinction if the aim is to understand the
underlying biology to develop a new
therapeutic agent, it is not critical if the
aim is to use the SNP simply as a marker
of risk.

The linkage disequilibrium phenom-
enon results in “haplotype blocks,”
stretches of DNA defined by the presence
ofhigh linkage disequilibrium among the
SNPs present. Two or more SNPs thatare
inlinkage disequilibrium in the same hap-
lotype block can define haplotypes, spe-
cific combinations of variants across these
SNPs. The combinations of variants that
canarise are dictated by the extent of link-
age disequilibrium.

As an example, consider SNP A with
acommonallele frequency (A) of80% and
SNP B with a common allele frequency
(B) of 60%. If there is no linkage, allele
A at SNP A and allele B at SNP B will
be found together in the same person
0.80 X 0.60=36% of the time, ie, consis-
tent with chance. With perfect linkage dis-
equilibrium, eg, where the SNPs are very
close together, it may happen that allele
A is always found with allele B. The ex-
tent of this linkage disequilibrium may be
expressed anumber of different ways, with
metrics such as r* (a plain correlation co-
efficient) or D'. Describing the properties
of each metric goes beyond the scope of
this article'®; however, in general, the
greater these measures, the greater the de-
gree of linkage between the variants, with
a D’ of 1 indicating that 2 alleles are al-
ways found together.

Armed with this background knowl-
edge of genetic concepts and terminology,
youare now ready to embark on an evalu-
ation of validity, results, and applica-
bility in genetic association studies. The
remaining 2 articles in this series will
address these issues.
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