Problems and paradigms

The use of animal models in the
study of complex disease: all else
is never equal or why do so many
human studies fail to replicate

animal findings?

Scott M. Williams,''>3* Jonathan L. Haines,?" and Jason H. Moore?3

Summary

The study of the genetics of complex human disease has
met with limited success. Many findings with candidate
genes fail to replicate despite seemingly overwhelming
physiological data implicating the genes. In contrast,
animal model studies of the same genes and disease
models usually have more consistent results. We pro-
pose that one important reason for this is the ability to
control genetic background in animal studies. The fact
that controlling genetic background can produce more
consistent results suggests that the failure to replicate
human findings in the same diseases is due to variation in
interacting genes. Hence, the contrasting nature of the
findings from the different study designs indicates the
importance of non-additive genetic effects on human
disease. We discuss these issues and some methodolo-
gical approaches that can detect multilocus effects, using
hypertension as a model disease. This article contains
supplementary material, which may be viewed at the
BioEssays website at http://www.interscience.wiley.com/
jpages/0265-9247/suppmat/index.html. BioEssays 26:
170-179, 2004. © 2004 Wiley Periodicals, Inc.

Introduction

The genetic analysis of complex human disease has been
significantly less successful than the analysis and dissection of
Mendelian diseases. Even when one or a few studies show
promising results with either linkage or association, the
findings do not consistently replicate across studies."? For
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example, of 101 linkage studies reviewed for 31 complex
diseases considerably fewer than half found more than sug-
gestive evidence for linkage and, in many diseases, even the
significant findings did not replicate across populations."
Similarly, in an analysis of over 600 association studies that
had positive findings, only 6 of the 166 studies where repli-
cation was attempted produced positive associations more
than three times.® These inconsistencies in genetic studies of
complex human disease are quite disturbing and suggest that
either there are no genes that can be found or, more likely, that
the approaches generally used to assess the genetic predis-
position to disease are inadequate.

In contrast to the human genetic studies, animal studies
have found genes that consistently produce disease-like
phenotypes, and the underlying genetic basis for the pheno-
types in these models have often been elucidated. Animal
studies frequently reveal significant single-locus effects that
can be reproduced across species and/or strains.®®) Such
“disease genes” in animal models can be found relatively
easily using linkage mapping techniques in crossed inbred
lines.™ Similarly, transgenic animals or genetically manipu-
lated animals can reveal significant effects of candidate alleles
in well-defined genetic backgrounds.®® The difference in the
approaches and the success rates between studies using
animal models and those in humans is problematic, but may
help us to identify factors that prevent genetic dissection of
complex human disease and ultimately determine important
genetic risk factors in common and complex human disease.
One possible explanation for this dichotomy that we will focus
oninthis paper is the role of the underlying genetic architecture
of complex traits and how they differ in the two types of studies.
For example, the design of animal studies automatically con-
trols many variables that can confound human studies. Speci-
fically, the use of isogenic animal models of complex disease
identifies genes with physiological role(s) in phenotypes
related to the diseases. In the animal studies, the associations
can be functionally elucidated because the animals can be
experimentally manipulated and many other variables can be
controlled. In contrast, in human studies, it is impossible to
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Figure 1. The effects of epistasis on detection of
association. In the middle section of the figure, the true
2 locus genetic model is represented in the matrix as
either high risk (+) or low risk (—). The matrix indicates
that no single locus genotype confers high risk on all
genetic backgrounds. The major point regarding the
model is that it is a completely interactive model; there
are no marginal effects. One way to view the model
is that locus A and locus B are both players in a
biochemical or signal transduction pathway and the
product of these two loci need to be balanced in a very
particular way to maintain “normalcy” (non-disease
state). Any deviations from this balance increase risk of
disease. Therefore, AABB, AaBb and aabb can all
be high risk because of the balance of the two products
encoded by the respective genotypes. For example,
A and B can be high-throughput alleles, and a and b
low-throughput alleles in a pathway. If they are in the
appropriate combinations, then the phenotype is
balanced. The effects of this model in both animal and
human studies can be seen in the results of two
hypothetical studies. The first an animal study (upper

gk Caf6s section) where the second locus is fixed for variant B.
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either controls (left side) or cases (right side) who fall
into each genotype class. Note that increased risk is
defined as in the true genetic model. There are no
single locus genotypes that associate with high risk
(Italics in bottom section of the figure for A locus and
for B locus), but again 2-locus genotypes do. If this
hypothetical scenario represents a true case, then
simply increasing sample size would never permit the
detection of single locus effects. However, if locus A
were fixed for the a allele in the study population, a
single locus effect at the B locus should be detectable
with bb associating with increased risk. This may be
true even in very small sample sizes.

control for many intrinsic (i.e., genetic) and extrinsic (i.e.,
environmental) factors. Mostimportant from the perspective of
identifying genetic risk factors, in human studies there is likely
to be substantial variability in genetic backgrounds within and
across study populations, and many of the alleles in these
variable backgrounds may have substantial effects on the
phenotypes under study. If this reasoning is correct, then it is
necessary to incorporate genetic background effects and
population genetic variation into any study analyzing genetic
predisposition to complex disease because variation at inter-
acting and/or compensating loci may mask the effects of
single-locus variation. Simply put, although a given allele may
be of physiological significance as demonstrated in the animal
studies, variation in allele frequencies of interacting loci can

mask an effect in a given study.” Therefore, it is possible that
studied mutations do not replicate from animal models in
human studies because of effects of other, presumably inter-
acting, alleles that have not been considered in a disease
study (Fig. 1). Similarly, animal model studies may detect
effects that are not the true genetic model because other loci
that are important in human populations have been fixed for
one of the variants (Fig. 1).

Such a position is certainly substantiated by numerous
classical studies identifying the enhancement or suppression
of a mutation’s effect by variation in a second or third locus for
characters such as eye color® or bristle shape in Drosophi-
1a.®® More recently, the isolation of modifiers has been used
extensively in Drosophila to dissect developmental and signal
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transduction pathways. An excellent example is the genetic
dissection of the RAS signal transduction pathway.'%"

We reason that the contrast between animal and human
studies points to the necessity of multilocus analyses in
humans in order to understand the genetic basis of complex
human disease. If this is correct, it would mean that animal
models are not truly models of human disease where more
than one gene predisposes to disease, but rather models of
physiological pathways that are factors in human diseases.

Another alternative is that there may be many genes with
small effects that cannot be identified in human studies as they
are presently designed because these effects are too small to
be found, as is discussed in a recent review.? In the present
review, we will focus our discussion on the role of genetic
interaction in the genetic basis of complex disease to elucidate
the issues and some potential solutions to the underlying
problems in the genetic analyses of complex disease. We
will focus on one disease, essential hypertension, but the
general principles that we present will be applicable to many
others.

The genetic models of rodent hypertension:
uncommon consistency but increasing
complexity

A substantial number of genes and/or chromosomal regions
have been identified in rodent studies as being important in
the development of hypertension (see Schork et al. for a
comprehensive review®). Several investigators, using differ-
ent strains of animals, have validated many of the positive
results, yielding a remarkably consistent pattern. A few such
results, regarding the renin—angiotensin system (RAS) are
presented in the Table 1. These results may be taken at face
value as demonstrating that this “complex” disease has a
simple genetic basis, since most of the findings have been
replicated in several laboratories, using a variety of experi-
mental designs. However, it is unlikely that this is the case for
at least three reasons: first, if there were simple genetic
susceptibilities to complex disease, it is likely that they would
have already been discovered in humans given the substantial
effort made in a number of diseases; second, the phenotypes
studied in animals are not truly identical to human disease but

Table 1. Results from rodent system for the renin—angiotensin system gene variation and the effects on blood
pressure
Gene Animal Effects Design and references
ACE Rat + Linkage®”4®)
Rat + Antisense protection®®
Rat + Cross-strain association®®
Mouse -2 Gene titration®*
AGT Mouse + Gene titration®
Mouse +/-P Gene titration
Mouse +/-° Human transgene®%':5?
Rat +/-¢ Human transgene!'®
Mice /¢ Rat transgene®
REN Mouse + Genetic “Clamping”('®
Mouse +/-° Rat transgene®®
Mouse +/-° Human transgene®
Rat + Mouse transgene(®3-59
Rat +/-¢ Human transgene('®)
Rat + Linkage®%57)
Rat + Mouse transgene and modifer mapping!'®
Rat + Mouse transgene®¥
Angiotensin Il Receptor, Type 1a
Mouse + Gene knockout(®®=¢%)
Rat + Drug response®"
Rat + Antisense(®
Rat + Gene knockout(®?
Mouse + Gene knockout(®®
2|t was shown that changes in ACE copy number were compensated for by increased expression of the renin gene, indicating that effects on blood pressure will
require environmental or genetic changes in addition to variation in ACE.
PGenetic variation was associated with variable expression in several other genes indicating the presence compensation mechanisms, but blood pressure was
only associated with AGT genotype in females.
°Renin and AGT transgenes or one transgene and an infusion of the second protein. Blood pressure only increased when the action of both gene products was
included.
9Renin and AGT transgenes were placed into rats and HT only developed in mice with both transgenes.
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are limited representations of them. However, the fact that
animals may not truly reproduce human disease does not mini-
mize their importance in ultimately elucidating the mechan-
isms of human disease, but only suggests that there are
limitations that we need to consider. Third, there is increasing
evidence that when interactions are examined in animal stu-
dies they do play an important role. This last finding is likely to
be important in understanding genetic risk factors in human
disease.

Despite the substantial, although not complete, consis-
tency across studies, there are increasing data that suggest
more complex interactions are operating in animal systems
when they are looked for.®'3="" Even in homogeneous
genetic backgrounds varying a single factor, such as the copy
number of a gene, can have enormous effect on a variety of
parameters, in an interactive way."'"® Kim et al."® have
demonstrated that as angiotensin gene (AGT) copy number
increases not only does the plasma level of this protein
increase, butmRNA levels of several other genes change (5 of
10 mRNAs assayed were significantly different among AGT
copy number animals). These changes are also affected by
gender, in some but not all of the cases. These changes may
be viewed as the organism’s compensatory response to pertur-
bation. Such evidence may suggest that single genetic chan-
ges are insufficient to cause a strong or lasting phenotype.

One way to circumvent the physiological response to a
genetic change is to fix or clamp the expression of a transgene
of interest, thereby providing an excellent system to study its
physiological effects. This has been done with the renin genein
a mouse model and, as expected, a hypertensive phenotype
can be produced.!'® Therefore, single locus effects can be
found in a system that would normally respond physiologically
to maintain homeostasis in a proximal sense.

In studies that have looked explicitly for epistasis in animal
models, it is often,®14-16:19-21) pyt not always found.® For
example, in one of these of hypertension studies, rats trans-
genic for either the human renin or human angiotensinogen
were not hypertensive, but rats carrying both transgenes were
severely hypertensive.'®) Similar results have been found in
studies of doubly transgenic mice for the human genes® as
well as mice doubly transgenic for rat renin and angiotensino-
gen transgenes.®® These data are supportive of a role of
context dependence in the etiology of hypertension, and that,
even in animal models, it may be important to have multiple
genetic changes in order to change a phenotype such as blood
pressure. Such context dependency may also be seen in one
of the negative studies. A gene titration study of the angio-
tensin I-converting enzyme (ACE) gene in mice showed a
significant change in ACE plasma levels, but no concordant
change in blood pressure. However, the changes in ACE
levels were accompanied by significant changes in renin
levels, another enzyme in the same physiological pathway. %
The authors concluded from these findings that there are

substantial homeostatic mechanisms that can compensate for
variation in one gene and that additional changes either gene-
tic or environmental are required to produce hypertension.

Another factor that may play a role in the reproducibility of
animal studies is that the genetic manipulations in animal
models are often extreme—gene titration or knockouts may be
more severe than one would see in most human populations.
In a well-integrated natural genetic system, such as the human
genome, one does not expect to find, for example, null alleles,
in a gene that plays a critical physiological role. Therefore,
despite evidence from model systems that such manipulations
affect phenotype, it is unexpected to find this kind of extreme
variation in most human studies, although some rare Mende-
lian forms of hypertension do exist.®® Hence the effects of any
naturally occurring variation are likely to be less clear than in
the animal experimental evidence. This is emphasized by the
fact that, in most cases, animal studies do not assess the role
of naturally occurring variation and its effects on phenotypes.
One exception to this is the production of a transgenic mouse
with naturally occurring variants in the human G-coupled
protein receptor kinase-4 (GRK-4) gene.®® The putative
disease-causing variant produces a hypertensive animal but
the wild-type allele does not. These findings suggest a func-
tional role of the specific SNP.

Human studies and the failure to consistently
replicate the animal studies

Human studies often do not have the clear and simple findings
found in animal studies. Using the renin—angiotensin—system
(RAS) as an example, we will document the failure to replicate
the positive findings in animal studies, and the failure to
replicate positive findings in human studies across popula-
tions. At least four human genes have now been studied in
multiple populations that have evidence of a role in animal
hypertension: angiotensinogen (AGT), ACE, renin (REN), and
the angiotensin Il type 1 receptor (AT2R1) (Tables 1 and 2; a
more extensive version of Table 2 may be viewed at the
BioEssays website at http://www.interscience.wiley.com/
jpages/0265-9247/suppmat/index.html). The evidence in hu-
man studies is at best inconsistent and at worst meaningless.
There is a tendency to fail to replicate across ethnic groups,
suggesting different genetic risk factors across populations.
However, replication failed even in some cases within an
ethnic group (e.g. the Japanese populations for association
with AGT variation or Caucasians for REN). Of course, the
studies in the same ethnic groups may uncover differences
within groups that were previously unknown.

How might these findings be interpreted? One alterative is
to simply reject the positive findings as non-representative of
true genetic risk factors. This would imply that the positive
results are artifactual or type 1 errors and that the data from the
animal models is of little or no use in human disease. We find
this conclusion unsatisfactory based on the multiple sets of
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Table 2. Results of linkage and/or association studies in humans for essential hypertension (a fuller version of
table can be viewed at the BioEssays website at http://www.interscience.wiley.com/jpages/0265-9247/suppmat/

index.html)

- A1166C SNP association

Gene Result Method/Marker® Population(s)
ACE + I/D association Afro-Caribbean®®, African-American®®, Chinese(®®),
Caucasian(®7:6®
+ SNP linkage/association® African‘®®
- I/D association Caucasian®7%"" Japanese'’?, Afro-Caribbean(™,
Chinese™
- I/D association® Caucasian, African-American(®
- I/D association® African®®, Caucasian’®
+/- Variance components linkage Caucasian®®
+1-f I/D association Caucasian®®3"
REN + Mbol and/or Bgl RFLP association Caucasian””7®
+ G1051 SNP association Japanese™
- Tagql/Hinfl/Hindlll RFLP haplotype sibpair linkage Caucasian®”
- Taql/Hinfl/HindIll haplotype association Caucasian®?
AGT + Association/linkage M235T SNP/STRP Caucasian®®”82)
/- M235T SNP association Caucasian(®”8)
+ Linkage positive; M235T SNP association negative Afro-Caribbean®?
+ M235T/Promoter SNP haplotype association Japanese®®
+ M235T SNP association Chinese®®
+ 9-marker haplotype association Japanese®®
+9 SNP haplotype association Chinese®”
—/4h M235T SNP association Caucasian™
- M235T/T174M SNP transmission disequilibrium test Chinese®?
- Sibpair linkage of M235T, T174M, 2 dinucleotide repeats Chinese®®
- M235T; G-6A SNP association Caucasian®
+1- M235T/G-6A SNP association and meta-analysis Japanese®?
Sibpair linkage/linkage Caucasian®"
- Sibpair linkage & SNP association Caucasian(®?
- M235T SNP association Japanese®?, African-American">9499), Caucasian(®”7%%%,
Japanese(™, African®®¢, Caucasian"®"
AT2R1 + —535T SNP association Japanese®®?
+ Linkage and A1166C SNP association Caucasian®®"%)
+ A1166C SNP association Caucasian®”
+/-f A1166C SNP association Caucasian®®
+° Regression on A1166C SNP Caucasian®”

Caucasian®, Japanese'?, African®®®,°

genotype in one of the study samples (Framingham).

'Findings are context dependent—either gender, age, or BMI.

ACE gene in at least one of the study populations.

IThere was also evidence of an interaction with the ACE 1/D polymorphism.

2f several polymorphisms were analyzed and one showed a positive association, only that one is given and the results are shown as positive.

There were marginal effects on blood pressure in normal adults and evidence for an interaction between ACE and ATR1 on diastolic blood pressure.
°There was no evidence of linkage but association was found for both systolic and diastolic BP using a two-locus additive model for two ACE SNPs.
dAlthough there was no evidence for a marginal effect in any of the cohorts, there was evidence for interaction of the ACE DD genotype with the AGT 235 TT

®Although there were no associations with single variants, there was evidence of an interactions between renin-angiotensin system genes.

9There was also evidence for an interaction with the ACE I/D polymorphism.
"One Caucasian population sample replicated a second did not; but result may be dependent on other variables and there was evidence for epistasis with the

"The case control study was negative, but meta-analysis suggested an association with the M235T polymorphism.

positive data in both animal and human studies, and the well-
defined physiological pathways through which these genes
can act. An alternative is that the genes are in fact risk factors,
but that detecting risk is only possible using single gene
analysis if the genetic backgrounds in the study populations
are conducive to detecting such single gene effects. Since
most investigators only test for marginal or single gene effects,
then the lack of reproducibility may arise from the effects of

single loci that are dependent on the genotypes at unstudied
and/or unanalyzed genes.”

Another factor to consider is that often the negative findings
are for single polymorphisms but do not consider the entire
gene. If the positive findings are due to linkage disequilibrium
with a functional variant in one population that is in equilibrium
in the second population, the association will disappear. Such
may be the case for the AGT gene. Caulfield et al.®” studied
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the M235T variant and microsatellites linked to the AGT gene.
They found evidence for linkage but none for association with
the M235T variant previously found to associate with hyper-
tension. A later study revealed complete linkage disequilibrium
between the M235T variant and a —6 variant,®® indicating that
the M235T variant may not be functional and that the linkage
relationship of this variant may differ among populations.

Additionally, itis possible that some of the genetic effects of
the candidate loci are context dependent, playing a significant
role in only males or females or in young vs. old individuals, or
in people of a specific body mass index.®°=3" Since these
characteristics are not measured or analyzed in many of the
studies, it is possible that the failure to replicate is due to inter-
actions between genes and environmental factors as well as
to gene—gene interactions. It is obvious that the environments
in animal studies are easier to control and therefore there is
less environmental variation than in any human association
studies. If there are interactions between environmental risk
factors and genotypes, then it can be difficult to both detect and
replicate genetic associations in human populations.

Clearly, the determination of the genetic risk factors of
complex diseases such as hypertension does not have a
simple genetic basis. Of course, this is not surprising.
However, many investigators continue to collect and analyze
data under the assumption that a carefully designed experi-
ment or a large enough sample will succeed in identifying “the
gene of major effect.” We suggest that as a research agenda
this is fatally flawed, and the preponderance of conflicting data
supports this view. For example, increasing sample size in
orderto increase the ability to detect small marginal effects will
only work if the genetic effects are primarily additive or
multiplicative (Box). If there is true epistasis, then simply
increasing sample size will still fail to detect associations (Fig.
1). This can lead to expensive studies that are doomed to fail.
We argue that it may be a better strategy to look at more genes
and to test for epistasis before going to the expense of
increased subject recruitment in association studies.

If our hypothesis is correct, it will be necessary to design
experiments with the intention of identifying gene—gene and
gene—environment interactions as risk factors. This will not
solve all of the problems but we hypothesize that it should help
substantially in identifying results that can be replicated. Of
course there are still substantial problems with the design of
experiments intended to identify such complex interactions,
but it is necessary to start such endeavors.

Some data already support the hypothesis that gene—gene
interactions will play a role in human hypertension. Cases for
epistasis have been made in both the presence and absence
of marginal effects. Takahashi et al.®® and Williams et al.®®
found evidence of interactions in the presence and absence of
main effects, respectively. These studies were in two distinct
populations: a Japanese and Ghanaian population. In a Chin-
ese population, there was no evidence for similar interac-

Box 1. There are many kinds of gene-gene
interactions with different phenotypic im-
plications. Gene—gene interaction may be one of
several types. With epistatic interactions, as classically
defined, genes interact to distort Mendelian ratios. The
effect of this type of interaction is for one or more genes
to mask or suppress the effects of other gene or genes.
Such a case is illustrated in Fig. 1, where disease risk
effects of one locus can be completely hidden by the
genotype at a second locus. Alternatively, one or more
loci may alter the phenotypic effects of alleles at other
loci via changes in magnitude or kind as described
below. A clear description of the ways that genotype
effects can be masked is presented by Phillips. ("%

Another type of interaction is possible in which each
genotype may have a distinct phenotype, but that the
phenotype is not the same for all genetic backgrounds.
For example, the classic example of agouti coat color in
mammals. Gene A encodes hair patterning with allele A
encoding an agouti pattern and allele a solid pattern.
Similarly gene B encodes color of coat pigment, with
allele B coding for black pigment and b for brown
pigment. In this case, A—/B— individuals are agouti,
A—/bb are cinnamon, aa/B— are black and aa/bb are
brown. All genotype combinations can be detected
(given dominance at each locus), but the phenotypes
are not the same if the genotype at the second locus
genotype varies.

Multiplicative and additive effects can also occur such
that the genotype at a second locus is affected, but that
the effects of the first locus effects are detectable. For
example, assume gene A affects height in a codominant
fashion. Further, allele A increases height by x units,
and allele a by y units and Aa by (x + y)/2 units. Locus B
may modify this effect either additively (B operates
similarly to A but its effects are added to the effects of
gene A). For example, allele B may increase height by z
units and allele b by zero units. If these two alleles are
codominant Bb genotype increases height by z/2 units.
If this is the case, both loci affect the ultimate phenotype
but they do not mask the effects of each other. A similar
effect can be with a multiplicative model such that locus
B amplifies the effects of locus A by increase the size
change by 1-, 2-, or 3-fold depending on the number of B
alleles.

tions.® Such results point to one problem with candidate
gene studies examining epistasis—the failure to study even
one critical gene may cause other genes critical to the pheno-
type to go undetected. This can also be population dependent
because variation in allele frequency can cause effects to
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disappear in the analysis."” The role of population variation is
a critical one for human studies, but much less so for those in
animals.

Another potential explanation of the abundance of positive
findings in the animal studies but inconsistent results in the
human studies may result from publication bias. One may
suppose that negative results in animal systems are less likely
to be published because it is generally imperative that basic
biological findings be positive, whereas it is not yet uncommon
to publish negative findings in studies of human populations.
The role of this factor is difficult to judge, but cannot be
completely disregarded.

Approaches to determining the nature of
genetic risk factors in complex disease

If our hypothesis is correct regarding the importance of context
in assessing genetic risks of complex disease, then we will
need to develop methods that are capable of detecting such
interactions.®® The identification and characterization of
genes that increase susceptibility to human disease partially
or solely through interactions with other genes is both a statis-
tical and a computational challenge. The statistical challenge
is due to the sparseness of the data when multiple genetic risk
factors are considered simultaneously. This curse of dimen-
sionality®®® can lead to an increase in type | errors with
methods such as logistic regression due to parameter esti-
mates that have very large standard errors.®”2® Further,
stepwise model-fitting procedures can lead to more type I
errors and a decrease in power because interaction effects are
only tested for those variables that have an independent main
effect. Those polymorphisms that have an interaction effect
but not a main effect will be missed.

The computational challenge is due to the size and com-
plexity of the search space. As the number of candidate
gene polymorphisms to be evaluated increases, the number of
possible interaction terms involving those polymorphisms
increases exponentially. For example, with just 100 polymor-
phisms there are 1.27 * 103 possible combinations to evalu-
ate. Carrying out an exhaustive search of all these
combinations is not computationally feasible. The alternative
is to carry out a machine learning search using a strategy such
as genetic algorithms.(ag) However, these strategies do not
guarantee that an optimal solution will be found and may be no
betterthan a random search when the polymorphisms have no
independent main effects that are above the background noise
associated with nonfunctional polymorphisms.

New analytical strategies to address these challenges need
to be and are being developed for studies of human disease
susceptibility in epidemiological study designs.“® For exam-
ple, the multifactor dimensionality reduction (MDR) method
was recently developed specifically to address the limitations
of logistic regression that result from the curse of dimension-
ality.“" The MDR method is nonparametric and does not

assume any genetic model. Simulation studies suggest that it
has good power to detect gene—gene interactions in reason-
able sample sizes even in the presence of genotyping error
and/or missing genotypes.“? Application of MDR to case-
control data (n=400) for sporadic breast cancer identified a
statistically significant four-locus interaction among estrogen
metabolism genes that would not have been possible using
logistic regression.*? This method and others“3=®) show
promise for improving our ability to detect gene—gene inter-
actions over that provided by traditional parametric statistical
approaches. These methods will have to be further developed
and expanded in order to approach the higher levels of
reproducibility and phenotype prediction that is necessary in
genetic studies of complex disease.

Conclusions

Results of complex disease studies in animal models are often
substantially different from that in human studies. We have
proposed that this is due to underlying structures of the study
designs and that, when examined in appropriate ways, the
complexity of the systems are comparable (Fig. 1). This latter
point implies that there is a great need to directly address the
role of multilocus genetics in the study of complex disease.
In this review, we list a few methods that can do this and
have had success in identifying genetic effects when simpler
approaches have not.

Additionally, it is important to fully utilize the natural
experiments that human population based studies describe
to gain a better understanding of the underlying biological
interactions. Infact, it would be impossible a priori to design the
best experiments that incorporate multiple genetic factors.
There are simply too many multilocus combinations possible
to determine which is the best one(s). However, if we use
results from human multilocus studies, we can narrow
the potential field of functional interactions significantly.

Of course, it is possible that results from animal systems
cannotbe applied to humans because of differences in biology,
but this would stand in contrast to numerous findings that have
successfully used gene conservation to define functional
regions of the genome and to identify candidates for diseases
with simpler genetic risks, i.e., single locus or Mendelian
diseases. We suggest that the role of animal models to define
good candidates is still well suited to the study of complex
disease. Perhaps evenmoreimportantisthefactthatwecanuse
human studiestodefine complexinteractions, usingthe methods
that we have mentioned and that these new hypotheses can be
tested for functional interactions in animal systems.
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