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IDENTIFICATION OF GENES UN-

DERlying complex (non-Mendelian)
traits, which include diseases such as

inflammatory bowel disease (IBD), has
been an important and difficult prob-
lem in genetics. However, new tools

and methods have brought on a new
era in the genetic analysis of complex
traits. While identification of the genes
underlying common diseases will never
be easy, we believe that generic ap-
proaches to analysis of common dis-
eases are now practical. An outline of
the approaches to analysis of complex
diseases is given in Figure 1. The six
sections of this review are: the role of
rare monogenic syndromes in the
analysis of complex diseases; candidate
gene and biochemical approaches to
complex diseases; complete linkage
maps in humans and animal models;
positional cloning of genes underlying
complex diseases in animal models;
testing hypotheses by genetic modifica-
tions in animals; and testing whether
genes identified in animal models also
underlie human complex disease.

Theories and methods recently de-
veloped to detect novel genes underly-
ing complex traits are illustrated using
the authors’ studies of the genes caus-
ing atherosclerosis (1-3). The general
conclusion from these studies is that
systematic linkage maps are a powerful
approach to the study of complex dis-
eases.

RARE MONOGENIC
SYNDROMES

Rare genetic syndromes can provide
biochemical and genetic information
that leads to the identification of genes
underlying complex human diseases.
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For example, severe hypercholestero-
lemia found in familial hypercholes-
terolemia led to the identification of
the role of the low density lipoprotein
receptor (LDLR) in atherosclerosis and
facilitated the cloning of the LDLR gene
(4,5).

Several rare genetic syndromes are
associated with IBD. These syndromes
include Hermansky-Pudlak, albinism
and glycogen storage disease type Ib
(6). Thus, families exhibiting these dis-
eases provide an opportunity for re-
searchers to clone genes involved in
IBD. One concern is that these genes
may underlie only a very small percent-
age of the total cases of IBD, as is the
case for the LDLR gene and atheroscle-
rosis, and thus not lead to the majority
of IBD cases.

CANDIDATE GENE AND
BIOCHEMICAL APPROACHES

This paper illustrates the role of bio-
chemical and candidate gene ap-
proaches to a complex disease with
studies from atherosclerosis (7). The
identification of genes underlying sus-
ceptibility to atherosclerosis and its risk
factors has thus far involved two direct
approaches. The first is a biochemical
approach, involving the direct isola-
tion and characterization of products of
the responsible gene. In the area of
atherosclerosis, an outstanding exam-
ple is the identification of the LDLR de-
fects in familial hypercholesterolemia
(4,8). Success with a biochemical ap-
proach generally requires the effects of
the genetic alteration to be substantial
rather than subtle, the tissues or cells
expressing the altered gene product to
be accessible and some clues about the
nature of the alteration to be deduci-
ble.

A second direct approach, termed
the ‘candidate gene’ approach, in-
volves testing whether polymorphisms
of genes that mechanistically may be
responsible for disorders (therefore the
term ‘candidate’) correlate with sus-
ceptibility to the disorder in population
or family studies (9). Polymorphisms of
DNA, such as restriction fragment
length polymorphisms or microsatellite
polymorphisms, are usually used to type
the individuals involved in the popula-

La génétique des maladies complexes : de la souris à l’homme
et vice versa

RÉSUMÉ : Il a toujours été difficile d’identifier les gènes en cause dans certains
traits complexes, mais l’application combinée de méthodes et modèles nouveaux
chez la souris est prometteuse. Les rares syndromes monogènes, les gènes candi-
dats et les approches biochimiques sont parfois utiles, mais chacune de ces appro-
ches comporte aussi des limites. Certains problèmes qui empêchent
l’identification et la détermination des gènes de maladies complexes peuvent être
contournés par l’utilisation de la cartographie globale des génomes de croise-
ments de souris ou de familles humaines. Les souris présentent plusieurs avan-
tages pour l’étude des maladies complexes, y compris une carte génétique
étendue. Une méthode générique a récemment été mise au point et appliquée au
dépistage des loci de traits quantitatifs à l’aide de cartes génomiques entières de
croisements de souris. L’existence de plus de 200 souches congéniques favorise
encore davantage les études sur la souris. Les souches congéniques offrent une res-
source riche et encore inexploitée pour l’identification rapide des gènes en cause
dans les maladies complexes. Une souche de souris congénique est génétique-
ment identique à la souche de départ, à l’exception d’une petite région chromo-
somique provenant d’une souche d’un sujet donneur. Ainsi, la comparaison d’un
phénotype d’une souche congénique avec le phénotype de la souche de départ
permet l’étude des effets des gènes individuels dérivés de la souche du donneur, à
l’exclusion des effets engendrés par les gènes de donneurs d’autres souches. L’ap-
plication partielle ou totale de ces techniques à l’étude des maladies complexes
chez la souris et chez l’humain peut conduire à l’identification et à la compréhen-
sion des maladies complexes, dont l’étiologie est encore inconnue.

Figure 1) Outline of the steps involved in analysis of common complex diseases. 1 Role of rare mono-
genic syndromes in the analysis of complex diseases; 2 Candidate gene and biochemical approaches to
complex diseases; 3 Complete linkage maps in humans and animal models; 4 Positional cloning of
genes underlying complex diseases in animal models; 5 Testing hypotheses by genetic modifications in
animals; 6 Testing whether genes identified in animal models also underlie human complex disease
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tion or family study. The first striking
example of the utility of the candidate
gene approach was the demonstration
that structural polymorphisms of apoli-
poprotein (apo) E affect cholesterol
levels and are associated with type III
hyperlipidemia. Subsequent work re-
vealed the biochemical basis of the
polymorphisms: altered binding of
apo-containing lipoproteins to cel-
lular receptors (10).

Thirty-five of the 41 genes underly-
ing diseases in mice that have been
identified at a molecular level were
identified by a candidate gene ap-
proach (11). The candidate gene ap-
proach can also be applied to complex
traits. Studies of the nonobese diabetic
(NOD) mouse have already used com-
prehensive linkage maps constructed
in genetic crosses to demonstrate that a
defective Fc receptor for immuno-
globulin G is linked to autoimmune
diabetes in NOD mice (12).

There are many potential candidate
genes for IBD, including genes coding
for the human leukocyte antigen com-
plex, complement proteins, im-
munoglobulins, cytokines and additional
molecules. These candidate genes
could be tested for their association
with, and linkage to, IBD by using spe-
cific assays in human families and in as-
sociation studies. The role of each of
these many candidate genes in IBD

could be tested more quickly by using
complete linkage maps in family stud-
ies.

COMPLETE LINKAGE MAPS
Animal models: Quantitative trait loci
(QTL) mapping is a general method that
has recently been developed to map
genes underlying complex disease in
animal models (13,14). It does not re-
quire any previous knowledge regarding
the underlying physiology of the disease
being studied.

QTL mapping involves four steps.
First, two different inbred strains are
crossed to produce F2 or backcross
progeny. Next, the progeny are indi-
vidually genotyped for markers that
span the genome at 10 to 20 centiMor-
gan (cM) intervals (a cM is a measure
of genetic linkage distance, indicating
frequency of recombination between

the genetic loci of 1%). Third, each of
the progeny is phenotyped for the traits
of interest and, finally, QTLs are located
by a statistical approach, such as that
provided by MAPMAKER/QTL (14).

Mice are a powerful resource for
analysis of complex traits (7). The ad-
vantages of using mice are: many di-
verse inbred strains are available; mice
can be used for hypothesis testing by
construction of transgenics and knock-
out mice; the number of markers in the
genetic map of the mouse is second
only to that of humans; finally, many
powerful genetic resources are avail-
able, such as congenics and recombi-
nant inbred strains.
Example of mapping complex traits in
a mouse model – apoA-II: The princi-
ples of QTL mapping can be illustrated
with a mouse backcross that has been
analyzed for genes underlying obesity
and atherosclerosis. A backcross was
performed by crossing F1 females, re-
sulting from the cross of female
C57BL/6J with male Mus spretus mice,
with male C57BL/6J mice. These back-
cross progeny are designated BSB mice
(15). Linkage of these genes with the
quantitative traits has been determined
by ANOVA and by logarithm of odds
(LOD) score analysis with the MAP-
MAKER/QTL program (2).

The authors measured plasma
apoA-II levels in BSB mice. A peak LOD

score of 4.0 was revealed on mouse
chromosome I centred around the
apoA-II gene locus. This QTL includes
approximately 10 cM in the 90% confi-
dence interval and thus includes many
diverse genes. However, the coinci-
dence of the QTL for plasma apoA-II
levels and the apoA-II gene suggested
that the apoA-II gene directly controls
plasma apoA-II levels. This hypothesis
was subsequently tested successfully in
transgenic mice and in humans.
Animal models for IBD: There are sev-
eral animal models that may be used for
studies of IBD. For instance,
peptidoglycan-polysaccharide injec-
tion of Lewis rats leads to granuloma-
tous hepatitis and anemia. However,
Buffalo and F344 rats are genetically re-
sistant to this injection. Thus, crosses of
Lewis rats with Buffalo or F344 rats
could be used to identify genes involved

in this response to peptidoglycan-
polysaccharide injection.
Complete linkage maps in humans:
Theories and methods to detect novel
genes underlying complex traits with
systematic linkage maps in humans
have been developed (13,16). The
major requirement of these methods is
the generation of systematic linkage
maps. Systematic linkage maps require
that hundreds of markers be typed in
each member of families with IBD. The
simple sequence repeat polymerase
chain reaction (PCR) markers are ideal
for this purpose. There are more than
2000 simple sequence repeat PCR mark-
ers available for human linkage map-
ping (17,18). These markers can be
typed rapidly and at low cost, are highly
polymorphic and are spaced at an aver-
age of 1.5 cM (there are 3000 cM in the
human genome).

Studies with the apoA-II locus, dis-
cussed below, suggest that random ge-
netic markers may exhibit significant
linkage to quantitative traits 5 to 20
cM from the genes underlying quanti-
tative traits. For instance, the author
and colleagues (1) found that D1S74,
5.7 cM from the apoA-II structural lo-
cus, can detect a highly significant
linkage (P<0.045) to serum levels of
free fatty acids (FFA) in multiplex coro-
nary artery disease families. A complete
linkage map capable of detecting novel
genes underlying quantitative traits
could theoretically be constructed by
genotyping just 150 markers. The ac-
tual number of markers needed will de-
pend on the complexity of the disease,
the heterozygosity of the markers, the
number of families and the number af-
fected in each family (16).

POSITIONAL CLONING
Positional cloning (also known as

reverse genetics) is a powerful ap-
proach for identification and charac-
terization of genes for monogenic
disorders in which no biochemical or
candidate gene can be identified. Posi-
tional cloning involves: identifying ge-
netic markers linked to a disease gene
by testing for cosegregation of the dis-
ease phenotype with genetic markers
spanning various parts of the genome;
physically cloning regions of the ge-

CAN J GASTROENTEROL VOL 9 NO 3 MAY 1995 169

Complex trait analysis



nome surrounding the genetic markers;
and testing whether genes present in
the cloned regions have properties con-
sistent with the disease gene, such as
lack of recombination with the disease
gene or alterations in expression in af-
fected individuals. Thus, a reverse ge-
netics approach does not depend on an
understanding of the molecular mecha-
nisms contributing to the disease. The
past several years have witnessed the
cloning of several genes causing human
disease by a ‘positional genetics’ ap-
proach in humans, including those for
familial adenomatous polyposis (19,20)
and colon cancer.

Unfortunately, reverse genetic ap-
proaches are difficult to use in human
studies of multifactorial disorders such
as atherosclerosis and IBD. First, it is dif-
ficult to identify the responsible ge-
netic loci because multiple independ-
ently segregating loci contribute to the
disorders. This problem is exacerbated
by genetic heterogeneity, in which a
similar disorder is caused in different
individuals by different genetic defects.
Other problems with human genetic
studies include incomplete penetrance
and gene interactions (synthetic
traits).
Use of congenics to facilitate positional
cloning: Identification of QTLs is just

the first step in the study of genes un-
derlying atherosclerosis in mice. Bio-
chemical and physiological studies
require identification of the specific
genes underlying complex traits. One
method to identify the specific gene un-
derlying a QTL is to use, or to produce,
congenic mouse strains. A congenic
mouse strain is genetically identical to a
background strain, except for a small
chromosomal region derived from a
donor strain. Thus, one can study the
effects of a single donor gene on traits in
the background strain, isolated from
the effects of other donor strain genes
(21). For example, a congenic with
C57BL10/J as the background strain
and strain 129 as the donor strain for
the mouse chromosome 7 H-1 locus
would then have this very approximate
appearance (Figure 2).

Congenic strains can be bred to
their background strain and the result-
ing F2 progeny used to isolate the un-
derlying genes. For instance, positional
cloning of atherosclerosis genes could
be guided by progeny of a cross between
a congenic strain containing a single
atherosclerosis gene with the back-
ground strain. This method can work
because a single gene would be respon-
sible for genetic variation in the trait.
Several methods are also available that
specifically identify restriction frag-
ment length variants, which can aid in
the positional cloning of the underly-
ing genes, for the donor strain of a con-
genic (22).

TESTING HYPOTHESES BY
GENETIC MODIFICATION IN

ANIMALS
As shown above, a QTL for serum

apoA-II levels at the locus surrounding
the mouse apoA-II gene has been dem-
onstrated. The author next used trans-
genic mice to test the hypothesis that
the apoA-II gene controls plasma
apoA-II levels. The author and asso-
ciates (23) generated mice that are
transgenic for the mouse apoA-II gene.
Transgenic mice were constructed us-
ing a genomic clone of the mouse
apoA-II gene containing several kilo-
bases of 5� flanking and 3� flanking
DNA. Southern blot analysis revealed
that approximately 10 copies of the

apoA-II gene were integrated into the
genome in this line.

The studies revealed that transgenic
mice that overexpress mouse apoA-II
had elevated high density lipoprotein
(HDL) cholesterol concentrations but,
nevertheless, exhibited increased athe-
rosclerotic lesion development com-
pared with normal mice (3). Labora-
tory strains of mice do not develop
significant aortic fatty streak lesions
when maintained on chow diets.
ApoA-II transgenic mice developed
aortic lesions on a chow diet despite
the fact that they had high concentra-
tions of HDL and low concentrations of
LDL and very low density lipoprotein.
Lesion development was observed in
transgenic mice of both sexes. The HDL

in the transgenic mice was larger and
an increased ratio of apoA-II:apoA-I
was present. Thus, both the composi-
tion and amount of HDL appear to be
important determinants of atheroscle-
rosis. These results clearly suggest that
the apoA-II gene underlies the QTL ob-
served in the BSB cross.

TESTING WHETHER GENES
CONTRIBUTE TO HUMAN

DISEASE
Extension of mouse mapping results

to humans is possible because compara-
tive gene mapping has demonstrated
that linked homologous genes are
found in at least 101 conserved autoso-
mal segments (11). To test whether
variations of the apoA-II gene influ-
ence plasma lipid metabolism in hu-
mans, the author studied 306
individuals in 25 families enriched for
coronary artery disease. The segrega-
tion of the apoA-II gene was followed
using an informative simple sequence
repeat in the second intron of the gene
(24) as well as two nearby genetic
markers. Robust sib-pair linkage analy-
sis was performed on members of these
families using the SAGE linkage pro-
grams (25).

The results demonstrated linkage
between the human apoA-II gene and
a gene controlling plasma apoA-II lev-
els. Plasma apoA-II levels were also sig-
nificantly correlated with plasma FFA

levels. Moreover, the apoA-II gene ex-
hibited significant linkage with a gene

Figure 2) Approximate appearance of the
B10.129 (H-1) congenic mouse strain. All
other chromosomes in this congenic strain
would be derived from the C57BL/10SnJ back-
ground strain
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controlling FFA levels. Evidence for
nonrandom segregation was seen with
markers as far as 6 to 12 cM from the
apoA-II structural locus (1).

SUMMARY
Animal models are useful to identify

genes underlying complex diseases, to
test hypotheses and to study functions
of proteins involved in complex traits
(Figure 1). Thus, transgenic models re-
cently have been used to examine ques-
tions relating to atherosclerosis.
Targeted disruption of genes in mice
are potentially very informative. Simi-
larly, several novel models of IBD have
been identified by targeted mutagene-
sis in mice. Many studies have sug-
gested that IBD patients have
hyper-responsiveness to normal gut
constituents; however, they have failed
to define the reasons at cellular or mo-
lecular levels (26). Thus, the discovery
of ulcerative colitis-like disease in mice
with a disrupted interleukin (IL)-2 gene
suggested a primary role for the im-

mune system in the etiology of ulcera-
tive colitis (27). Spontaneous develop-
ment of IBD has also been reported in
mice with mutations in the T cell re-
ceptor alpha mutant, T cell receptor
beta mutant or class II major histocom-
patibility mutant mice (28).

These results suggested that dys-
function of the immune system may
underlie pathogenesis of IBD. It has also
been reported that IL-10-deficient mice
suffer from chronic enterocolitis (29).
The results suggest that bowel inflam-
mation results from uncontrolled im-
mune responses and that IL-10 is an
essential regulator (29). All totalled,
these gene-targeted mice represent
novel models of IBD. The presumed fi-
nal common pathway is a disorder in
the normal control mechanisms that
normally down-regulate responses to
mucosal antigens. Finally, it seems pos-
sible that these models can be used to
develop therapeutic strategies for IBD,
even though the pathogenesis of the

mouse and human diseases are not
identical (26).

CONCLUSIONS
The author and colleagues’ work

with mice strongly suggests that com-
plete linkage maps are very likely to
identify genes underlying complex
traits, such as IBD. One of the biggest
advantages of the systematic linkage
approach is that one can narrow the list
of candidate genes for a disease to those
that are present in the loci underlying
complex traits. Furthermore, system-
atic linkage maps may also identify
novel genes or loci that are important
in the etiology of the disease.
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