Genetica 91: 279-286, 1993.

© 1993 Kluwer Academic Publishers. Printed in the Netherlands.

Antagonistic pleiotropy, mutation accumulation, and human genetic

disease

Roger L. Albin

Department of Neurology, University of Michigan, Ann Arbor, MI 48109, USA

Received and accepted 22 June 1993

Key words: aging, Huntington’s disease, hemochromatosis, myotonic dystrophy, Alzheimer’s disease

Abstract

The antagonistic pleiotropy theory of senescence is the most convincing theoretical explanation of the
existence of aging. As yet, no locus or allele has been identified in a wild population with the features
predicted by the pleiotropic theory. Human genetic diseases offer the opportunity to identify potentially
pleiotropic allelesfloci. Four human genetic diseases - Huntington’s disease, idiopathic hemochromatosis,
myotonic dystrophy, and Alzheimer’s disease - may exhibit pleiotropic effects and further study of these
diseases might result in the identification of pleiotropic genes causing aging. Inability to find an early life
selective benefit associated with these disease-causing alleles would favor the major alternative genetic
explanation for aging, the mutation accumulation theory.

Introduction

The antagonistic pleiotropy theory of senescence is
the most rigorously formulated explanation of the
existence of aging. Based on an idea of Medawar
(1952), this theory has been systematically articu-
lated by Williams (1957) and Hamilton (1966), and
independently formulated by Wallace (1967). The
antagonistic pleiotropy theory posits that some in-
dividual locifalleles have different effects on fitness
at different ages. If such a locus/allele had a posi-
tive effect on fitness at a relatively early age and a
deleterious effect on fitness in older animals, the
positive effect on fitness would outweigh the nega-
tive effect because of their relative positioning in
life history. Such pleiotropic alleles would be fa-
vored to spread throughout populations and dimin-
ish fitness in older animals. Some corollaries of the
pleiotropic theory seem to fit generally accepted
facts about aging. For example, the pleiotropic the-
ory predicts that there will be no single proximate
mechanism of aging. Further, the pleiotropic theory
predicts that the mechanisms of aging vary both
between species and among organisms within a
single species.

While theoretically compelling, it has been hard
to accumulate direct evidence supporting the plei-
otropic theory. No such pleiotropic alleleflocus has
been identified in a wild population. This is not
surprising as identification of a pleiotropic allele/
locus would require a daunting combination of ap-
propriate genetic, demographic, and life history
data. A considerable body of experimental data de-
rived from laboratory populations supports the plei-
otropic theory (Sokal, 1970; Mertz, 1975; Rose &
Charlesworth, 1980, 1981a, 1981b; Rose, 1984;
Luckinbill, 1984; Luckinbill & Clare, 1985; Clare
& Luckinbill, 1985; Rose & Graves, 1989; Hutch-
inson, Shaw & Rose, 1991; Hutchinson & Rose,
1991).

The major alternative genetic theory of aging,
the mutation accumulation theory, is also based on
a suggestion of Medawar (1952) and has similar
dependence on the concept that negative effects of
an alleleflocus on overall fitness wane if the delete-
rious effect of the allele/locus occurs relatively late
in life. Because of the weak selective forces acting
against alleles/loci with deleterious effects late in
life, these alleles/loci would tend to accumulate
within the genome by a process akin to drift and
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ultimately come to provide a limit on life span. This
idea differs from antagonistic pleiotropy in that no
selective benefit is attached to these alleles/loci in
earlier phases of life. It is possible that antagonistic
pleiotropy and mutation accumulation could oper-
ate simultaneously to cause aging within a given
population/species.

Study of human populations and their diseases
may provide candidate alleles/loci for the ascertain-
ment of pleiotropic genes or for finding evidence of
mutation accumulation. A good deal is known
about human demography and human diseases, and
many human diseases have heritable components.
For example, common adult-onset diseases such as
breast cancer, atherosclerosis, and adult onset dia-
betes mellitus (AODM) have significant genetic
components. These common disorders may not,
however, prove suitable in the search for plei-
otropic genes. For example, the high prevalence of
atherosclerosis and AODM in contemporary West-
ern societies is probably a result of the great
changes in lifestyle that have resulted from eco-
nomicfsocial moderization. Consequently, the
negative effect of these diseases on the fitness of
older humans may be an artifact of modern living
conditions and not a true reflection of pleiotropic
effects under historic conditions.

Another factor that limits the usefulness of some
common human diseases in the search for candidate
pleiotropic genes or mutation accumulation effects
is the fact that modern medical therapies may have
altered the natural history of some of these disor-
ders, reducing their deleterious effects on fitness in
later life. Finally, the genetics of these disorders is
complex and probably involves multiple loci.

The search for candidate pleiotropic genes
among human diseases should probably focus on
rarer adult onset human diseases with less compli-
cated genetics, distinctive phenotypes, and prior
suggestions of some selective advantage. An ideal
candidate for a human pleiotropic gene would ful-
fill the following criteria:

1) Adult onset, preferably past the peak reproduc-
tive years.

2) Simple genetics, preferably dominant inheri-
tance with a high level of penetrance to maxi-
mize the demographic and life history informa-
tion obtainable from pedigrees.

3) Phenotype independent or largely independent
of environmental factors.

4) No effect of modern medical therapy on the
natural history of the disease.

5) Evidence that the allele confers a selective ad-
vantage at an age earlier than the onset of disa-
bility secondary to the disease caused by the
abnormal allele.

6) The existence of populations/pedigrees allowing
the accumulation of sufficient demographic data
to obtain an estimate of fitness.

While no human genetic disease fulfills all these

criteria, at least four human genetic diseases fulfill

some of these criteria and may be candidates for the
ascertainment of pleiotropic effects,

This strategy is also useful in the search for mu-
tation accumulation effects. Reasonable evidence
that an adult onset genetic disease, especially a
relatively common one, does not increase fitness
relatively early in life would support Medawar’s
concept of mutation accumulation. The mutation
accumulation theory would be supported even
more strongly if several adult onset genetic diseases
were examined and found to have no positive effect
on fitness at a relatively early age.

While the strategy of using adult onset human
genetic diseases in the search for pleiotropic or
mutation accumulation effects is attractive, there
are some specific limitations of working with hu-
man genetic diseases. Evaluating the fitness effects
of alleles requires considering the effects of both
the heterozygous and homozygous states. The phe-
notypic effect of homozygosity is not known for
most human dominant diseases (though see the dis-
cussion of Huntington’s disease below), and these
diseases are the most attractive for pedigree tracing
and accumulation of demographic data. Homozy-
gotes of dominant human genetic disorders are
quite rare and this may simplify analysis. For re-
cessive disorders, evaluation of the fitness effects
of heterozygosity is crucial.

Appropriate estimation of fitness is also crucial.
While fitness should properly be measured as the
number of progeny that survive to adulthood, those
few studies that have attempted to look at the selec-
tive benefit of human disease alleles have tended to
look at simple fecundity (see discussion of Hunt-
ington’s disease below) or simply postulated some
beneficial effect without measuring actual fitness.

Huntington’s disease. Huntington’s disease (HD)
is a completely penetrant autosomal dominant



neurodegenerative disease. HD is a true dominant
disorder with homozygotes having the same pheno-
type as heterozygotes (Wexler et al., 1987). The
phenotype is characterized by progressive involun-
tary movements, impairment of coordination, per-
sonality changes, and dementia (Folstein, 1989).
Onset is usually in the third and fourth decades of
life and death usually occurs 15-20 years after diag-
nosis. The prevalence within the USA is estimated
at 30-45/million (Folstein, 1989; Conneally, 1984).
There is no therapy for HD.

The locus responsible for HD has not yet been
identified but has been localized to the short arm of
chromosome 4. Analysis of widely dispersed pedi-
grees has revealed that the HD phenotype is invari-
ably associated with the chromosome 4 locus. The
spontaneous mutation rate for HD is very low and
it has been suggested that the frequency of HD is
maintained by some selective advantage conferred
by the HD allele (Folstein, 1989; Hayden, 1981).

Clinicians who work with HD families are invar-
iably impressed with the large size of sibships in
affected families. This impression has given rise to
speculation that the HD allele increases fitness by
increasing fecundity (Hayden, 1981). Several stud-
ies have attempted to address this issue by compar-
ing the fecundity of HD victims with control popu-
lations. Non-affected siblings have been used as
controls with the result that HD victims are genet-
ally found to produce more offspring than their
normal sibs (Hayden, 1981). Some studies, how-
ever, report that when unaffected sibs are compared
to normal individuals, their fecundity has been
found to be depressed (Reed & Neel, 1959;
Shokeir, 1975). Six studies have attempted to com-
pare the fecundity of HD victims to that of the
general population (Reed & Neel, 1959; Shokeir,
1975; Marx, 1973; Stevens, 1975; Wallace &
Parker, 1973; Walker er al, 1983). One study
showed depressed fecundity (Reed & Neel, 1959),
one showed the same level of fecundity as the gen-
eral population (Wallace & Parker, 1973), and four
showed elevated fecundity as compared to the gen-
eral population (Shokeir, 1975; Marx, 1973; Ste-
vens, 1975; Walker et al., 1983). The latter four
studies all indicated a significant advantage in fit-
ness over the general population. Methodological
differences and sampling bias may explain some of
the difference in results between the study showing
depressed fecundity and those showing increased
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fecundity. The study showing depression of fertil-
ity in HD victims ascertained HD cases by examin-
ing the records of large state-operated mental hos-
pitals (Reed & Neel, 1959). The authors of this
study estimated that some of the depression of fe-
cundity was due to premature termination of repro-
duction due to hospitalization. This study was con-
ducted during the 1950s when permanent and rela-
tively early hospitalization for disorders such as
HD was a common practice. On the other hand, two
studies reporting increased fecundity in HD were
based on efforts to ascertain all HD victims within
the study regions and were not so dependent on the
records of institutionalized patients (Shokeir, 1975;
Walker ef al., 1983).

Two studies have attempted to longitudinally as-
sess the possible contribution of the HD allele to
fitness. Harper et al. (1979) were able to estimate
the birth rate of HD carriers in south Wales
throughout the 20th century and found that the birth
rate of HD carriers has remained constant while that
of the general population has declined. These re-
sults imply a reproductive advantage for the HD
allele. Stine and Smith (1990) estimated the coeffi-
cient of selection for the HD allele in the Afrikaner
population of South Africa by comparing probable
prevalence of HD in the founding (and very small)
population of Afrikaners with recent estimates of
HD prevalence. Their analysis suggested that the
HD allele carries a significant negative impact on
fitness.

Some data, then, suggest that the HD allele con-
fers a selective advantage and might fulfill the cri-
teria for a pleiotropic allele. The studies reporting a
reproductive advantage for HD victims should,
however, be interpreted with caution. None of these
studies attempted to control for socioeconomic or
class variables that might affect fecundity. HD vic-
tims tend to come from lower socioeconomic levels
(Reed et al., 1958; Mattson, 1974), which could
independently alter demographic characteristics. In
addition, all the above data provide birth rate infor-
mation. Reed and Neel (1959) have suggested that
children of HD victims tend to have a higher infant
mortality rate, which might offset any selective
advantage due to increased fecundity.

Testing of the hypothesis that the HD allele is a
pleiotropic gene requires the comparison of a suita-
ble HD population with a caretully matched control
population. The best candidate population for this
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type of study would be the well studied Venezuela
pedigree. This remarkably large (hundreds of indi-
viduals) pedigree has been carefully characterized
by an international team of clinicians and geneti-
cists (Young et al., 1986; Penney et al., 1990).
Linkage analysis has been done for the entire pedi-
gree and the HD allele carrier status is known for all
members of the pedigree. It should be possible to
determine the fecundity and progeny survival rates
of all members of the pedigree. Development of a
control population matched for economic and dem-
ographic variables would permit a test of the hy-
pothesis that the HD allele is a pleiotropic senes-
cence gene.

Idiopathic hemochromatosis. Idiopathic hemo-
chromatosis (IH) is an autosomal recessive inher-
ited disorder of iron metabolism (Bothwell,
Charlton & Motulsky, 1983). IH is remarkably
common. Approximately 10% of the population of
North America and Europe are heterozygous for the
IH allele, and the prevalence of homozygotes is
approximately 0.3%. Penetrance appears to be
complete or nearly complete in men and incomplete
in women. Most IH victims develop clinical symp-
toms between the ages of 40 and 60 (Finch &
Finch, 1955; Milder et al., 1980). IH victims suffer
from progressive deterioration in liver, endocrine
pancreatic, cardiac, and pituitary function. The lat-
ter can include gonadal failure (Adams, Kertesz &
Valberg, 1991; Finch & Finch, 1955; Milder ef al.,
1980).

The locus responsible for IH is found on chromo-
some 6 and is closely linked to the HLA complex.
The molecular defect is unknown, but the pa-
thophysiology of IH is well characterized and the
pathologic consequences of IH result from exces-
sive gastrointestinal absorption of iron. The human
capacity to excrete iron is limited and body iron
stores are regulated in large part by intestinal iron
absorption. In IH, iron absorption is greatly in-
creased. When normal iron storage capacity is satu-
rated, iron is deposited in abnormal locations with
resulting organ dysfunction. Because of menstrua-
tion, pregnancy, and lactation, women experience
greater normal losses of iron than men. The greater
demand for iron faced by women probably ac-
counts for the reduced penetrance of IH in women.

The historic prognosis of IH was dismal, with
most patients dying within months of diagnosis

(Milder et al., 1980). Medical therapy has had a
significant impact on the natural history of IH
(Milder ez al., 1980; Adams, Speechley & Kertesz,
1991). Insulin therapy for diabetes secondary to TH
prolongs life expectancy and institution of regular
phlebotomy prior to the development of organ im-
pairment can result in normal life expectancy.

The high frequency of the IH allele has led to
speculation that it is the result of a selective advan-
tage. The suggested advantage is amelioration of
iron deficiency anemia by enhanced intestinal iron
absorption (Rotter & Diamond, 1987; Motulsky,
1979). Iron deficiency anemia is common in indus-
trialized countries and very common in developing
nations where diets are often poor in bioavailable
iron. IH homozygosity would be especially benefi-
cial to women, who have greater demands for iron
than men.

If TH could be proven to have a positive selective
effect, then the TH allele would satisfy criteria for a
pleiotropic gene. In addition, because of its possible
differential benefits/deleterious effects in men and
women, JH might be an example of a sexually
antagonistic gene (Rice, 1992). Identifying IH ho-
mozygotes is relatively straightforward. A combi-
nation of serum iron studies and histocompatibility
antigen typing can presently identify IH homozy-
gotes (Dadone et al., 1982; Borecki et al., 1990). In
the future, cloning of the IH locus will permit defin-
itive ascertainment of IH allele heterozygotes and
homozygotes. While medical therapy has altered
the natural history of IH, it should still be possible
to evaluate the potential selective benefits of TH.

One approach would be to survey a population
for IH and determine if iron deficiency anemia is
less common among IH homozygotes than among
a set of matched controls. This approach should be
used in a region where iron deficiency is common
and will be possible only after the IH locus has been
cloned. At present, IH homozygotes are identified
by serum iron studies showing evidence of in-
creased iron stores. By definition, this criterion
would exclude IH homozygotes with normal or
decreased iron stores and introduce significant
sampling bias into the data. Another approach
would be to compare the actual fitness of IH ho-
mozygotes with an appropriate control population.
IH has been extensively studied in Utah (Kravitz et
al., 1979), where a relatively stable population and
the extensive genealogical records maintained by



the Church of the Latter Day Saints permit good
ascertainment of pedigrees and could allow devel-
opment of appropriately matched controls.

Estimating the fitness of IH allele heterozygotes
would also be crucial but more difficult. IH allele
heterozygotes have a mildly increased ability to
absorb iron (Cartwright, 1979) and the high preva-
lence of the IH allele could be maintained by some
selective advantage accruing to the heterozygotes.
Identification of IH allele heterozygotes for a study
of heterozygote fitness requires molecular genotyp-
ing and presupposes molecular identification of the
IH locus.

Myotonic dystrophy. Myotonic dystrophy (MyD)
is the most common form of adult-onset muscular
dystrophy with an estimated prevalence of 3-5/
100,000 (Brooke, 1986). MyD is an autosomal
dominant disorder with variable expression affect-
ing many organs. The effect of homozygosity is
unknown. Myotonia (impaired relaxation of mus-
cles following contraction) and progressive skeletal
muscle degeneration are hallmarks of MyD. Other
common features include cataracts, endocrine dis-
orders including diabetes and gonadal dysfunction,
cardiac arrhythmias, and mild mental retardation.
Onset of symptoms often occurs in the young adult
years, but in many cases the disease may not be-
come symptomatic until considerably later in life.
MyD does occur in children and the prognosis of
these unfortunate children is particularly poor. Car-
diac dysrhythmias and muscular weakness (which
often impair swallowing and pulmonary function)
predispose patients to early death. In common with
a small number of other genetic diseases, MyD
exhibits the phenomenon of ‘anticipation’ in which
the phenotype appears earlier and with greater se-
verity in succeeding generations. A typical pedi-
gree might have a grandparent with cataracts and
few other detectable abnormalities, an obviously
affected parent in his or her thirties, and a severely
affected child. There is no therapy for MyD.
Recent studies have identified the affected locus
in MyD on chromosome 19 (Aslanidis et al., 1992;
Buxton et al., 1992; Harley et al., 1992). This locus
encodes a protein with considerable homology to
known protein kinases, enzymes that regulate the
activity of other proteins. The basis for the defect in
MyD is insertion of unstable trinucleotide repeats.
The length of these insertions can increase in suc-
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ceeding generations and the increasing length cor-
relates with increasing severity of the clinical mani-
festations of MyD found in succeeding generations.
Other human genetic diseases exhibiting antici-
pation also have unstable trinucleotide insertions.

MyD has a low spontaneous mutation rate and
this fact has given rise to speculation that the preva-
lence of MyD is maintained by some selective ad-
vantage. This speculation has been bolstered by
recent molecular data. The MyD allele is in very
strong linkage disequilibrium with closely linked
markers (Harley et al., 1992; Harley et al., 1991).
The linkage data suggest that virtually all MyD
cases are descended from a single mutation, a sur-
prising fact in view of the significant impairments
that usually result from MyD.

It may be possible to assess the fitness of the
MyD allele by surveying MyD patients in the Sa-
guenay region of Quebec, where MyD has the high-
est known prevalence in the world, estimated at
189/100,000 (Mathiecu, De Braekeleer & Prevost,
1990). All cases within this region descend from a
single couple who settled in Quebec in 1657 and the
MyD allele has been passed over 10-14 genera-
tions. This extended pedigree has been carefully
reconstructed. The biologic fitness of the MyD al-
lele has been determined by comparing the fitness
of contemporary MyD patients with an appropriate
control population. To obtain a longitudinal evalua-
tion of the fitness of the MyD allele, it might be
possible to compare the historic fitness of individu-
als within the MyD pedigree with a control histori-
cal population.

Alzheimer’s disease. Alzheimer’s disease (AD) is
a common neurodegenerative disease and a tanta-
lizing candidate for a pleiotropic senescence gene
and for evaluation of mutation accumulation ef-
fects. AD is primarily a disease of the elderly and
prevalence increases with age. As many as 15% of
individuals over age 65 may suffer from AD and
the prevalence is much higher among individuals
older than 80. The major manifestation of AD is
progressive dementia, often accompanied by dys-
phasia and dyspraxia.

Several lines of evidence suggest a substantial
genetic component in AD. Epidemiological studies
aimed at revealing environmental factors contribut-
ing to AD have not produced convincing results.
Rare cases of AD occur at a relatively early age,
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and in many of these cases there is clear evidence of
autosomal dominant inheritance. In typical AD
cases, the late onset of disease prevents the ascer-
tainment of inheritance patterns by conventional
pedigree tracing and linkage analysis. Recent stud-
ies of typical AD, however, have found that there is
a high incidence of dementia in first degree rela-
tives of AD patients (Breitner, 1991). Breitner
(1991) has recently summarized the literature ex-
amining the incidence of dementia in first degree
relatives of AD victims and argues convincingly
that AD is inherited in an autosomal dominant fash-
ion with age dependent penetrance and maximum
cumulative risk of developing AD around age 90.

Assuming that the majority of AD is genetic in
etiology, AD would be among the most prevalent
of human genetic diseases. It is possible that there
may be considerable genetic heterogeneity underly-
ing the AD phenotype. Linkage studies of early
onset pedigrees have identified three different loci
responsible for AD (Goate ef al., 1991; Pericak-
Vance et al., 1991; St. George-Hyslop et al., 1987;
Tanzi et al, 1987, Van Broeckhoven, 1987).
Whether genetic heterogeneity exists in typical AD
can only be determined after molecular genetic
identification of the responsible gene(s).

If AD is among the most prevalent of human
genetic diseases, its high frequency might result
from some selective advantage conferred by alleles
causing AD. The fact that AD achieves maximum
penetrance late in life makes it an intriguing candi-
date for ascertainment of pleiotropic gene effects.
Up to this point, there have been no suggestions
that AD-causing alleles confer a selective advan-
tage. The lack of speculation about the possible
selective advantages of AD alleles is probably a
result of the fact that most clinicians and scientists
interested in AD have not thought of it as a genetic
disease. One study of the incidence of dementia
among first degree relatives of AD victims found
also that AD victims tended to have larger numbers
of children than controls (Fitch, Becker & Heller,
1988) though this difference was not statistically
significant (N. Fitch, personal communication).

AD-causing alleles are also excellent candidates
for mutation accumulation effects. If thete was no
reasonable evidence that AD-causing alleles had
selective benefits at any age, then AD-causing
alleles would be a prime example of mutation accu-
mulation.

Evaluation of the effect of AD-causing alleles
would seem to be relatively straightforward. AD
patients could be identified at autopsy or by epi-
demiological survey and their fitness compared
with a matched set of controls. Alternatively, when
the genetic defect(s) underlying typical AD are dis-
covered, it should be possible to compare the fit-
ness of those carrying the allele(s) with a control
population. Molecular identification of loci associ-
ated with AD may also give clues to the possible
effects on fitness of alleles causing AD.

Conclusions. While none of the diseases discussed
above fulfills the criteria of a pleiotropic gene, there
is suggestive evidence of pleiotropic effects, and
further study of these disorders might lead to proof
of the existence of a pleiotropic gene in a wild
population. The use of human disease populations
is a plausible way to ascertain the existence of
negative pleiotropy or mutation accumulation and
has significant advantages over the use of non-
human populations where appropriate demographic
and genetic data may be hard to obtain. Negative
results regarding selective benefits associated with
disease-causing alleles would not disprove the plei-
otropic theory, but a positive result would provide
powerful evidence in favor of the pleiotropic gene
theory of senescence. Negative results regarding
selective benefits of disease alleles, however,
would provide evidence favoring the mutation ac-
cumulation theory.
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