


Type I error
The probability of rejecting the 
null hypothesis when it is true, 
also referred to as a false 
positive.

Multiple testing
An analysis in which multiple 
independent hypotheses are 
tested. Multiple testing must 
be taken into account during 
statistical analysis, as the 
combined probability of  
type I error increases in an 
unadjusted analysis.

had significant sex interactions that did not involve 
the X chromosome, in which either the estimates 
of heritability were significantly different between 
males and females (LDL-cholesterol and Fev1:FvC), 
or the best-fitting heritability model was different 
between males and females (HDL-cholesterol and 
fat-free mass). Thus, the genetic architecture of nine 
common phenotypes had significant sex-specific 
genetic architecture. The best-fitting heritability 
model for six representative traits with sex-specific 
architecture is shown separately for males and females  
in FIG. 4.

Taken together, these data suggest that the genetic 
architecture (additive, dominant or X-linked) and/or 
the overall genetic contribution (that is, heritability) 
significantly differs between males and females for 
a large number of quantitative phenotypes, many 
of which are risk factors for common diseases. This 
conclusion is consistent with other studies of sex-
specific heritabilities of common disease-associated 
quantitative phenotypes45,46. Although this data set is 
limited to only 19 quantitative traits, it also suggests 
that X-chromosome genes might contribute dispro-
portionately more to common phenotypes and quan-
titative trait variation in males than in females, not 
unlike Mendelian disease genes. Indeed, subsequent 
studies supported these conclusions, demonstrating 
significant sex differences in estimates of the auto-
somal narrow heritability for 13 (of 539) cardiovas-
cular disease-associated quantitative traits in French 
Canadian families45, and for bone-mineral density in a 
number of recent studies (reviewed in REF. 46).

Thus, standing natural variation in the human 
genome contributes to quantitative phenotypes in a 

sex-specific manner. That many of these phenotypes 
are also risk factors for common diseases further sug-
gests that significant sex-specific genetic architecture 
contributes to risk for common diseases.

Evidence for genotype–sex interactions
Demonstrating genotype–sex interaction effects on 
human diseases has been challenging because until 
recently most study designs did not allow a system-
atic search for sex-specific genetic contribution to 
quantitative variation or disease risk47. Moreover, 
in most linkage and association studies that address 
sex-specific architecture, analyses are performed 
in each sex separately (usually in addition to stud-
ies in the combined sample), adding to the number 
of statistical tests and increasing the likelihood of a 
type I error if multiple testing is not properly taken into 
account when assessing significance. In addition, the 
approximate halving of the sample size to conduct sex-
specific analysis reduces the power to detect an effect. 
For example, a study in both sexes with 80% power 
for a main effect will have only 29% power to detect 
an interaction of the same magnitude in a study of one 
sex48, making replication of genotype–sex interactions 
particularly challenging.

It is, therefore, not surprising that a recent meta- 
analysis of 188 genetic association studies claiming sex 
effects in their title found only one association that was 
consistently replicated in at least two studies15. Among 188 
claims of a sex difference, 83 were significant (p < 0.05),  
although 44 of those had modest p-values between 
0.01 and 0.05 (which were unadjusted for multiple test-
ing). Sixty of those claims were judged to have good 
internal validity, including the one association that was  

 Box 3 | Genetic imprinting and parent-of-origin effects

One mechanism for sex-specific transmission of disease or of quantitative phenotypes is genomic imprinting, which 
refers to the transcriptional silencing of a gene in the gamete inherited from either the mother or the father, but  
not both (that is, allele-specific silencing). The best studied silencing mechanism is methylation, and differential 
methylation between alleles is considered the hallmark feature of an imprinted locus127. The cellular mechanisms for 
sex-specific gene silencing and the impact of such parent-of-origin effects on human disease and gene evolution 
have been reviewed elsewhere127�130.

In approximately half of all imprinted genes the maternally inherited allele is silenced (that is, imprinted), and in 
the other half the paternally inherited allele is silenced. In a few interesting cases, the imprinting itself is 
polymorphic so that both biallelic and monoallelic expression can be observed131,132. Mutations in or deletions of the 
expressed allele at imprinted loci in humans or mice have a wide range of phenotypic consequences, including 
effects on growth and development, on behaviour and learning, and carcinogenesis127,128.

A census of imprinted genes in 2005 suggested that approximately 41 genes in 16 chromosomal regions are 
imprinted in humans, compared with 71 genes in 22 chromosomal regions in mice (29 genes are imprinted in both 
humans and mice)130. The authors speculate that the total numbers of imprinted genes are probably not much 
greater than these estimates, although they acknowledged the possibility that additional imprinted genes with more 
subtle phenotypic effects probably exist. In support of the existence of imprinted alleles with subtle effects the 
authors cite the large number of complex diseases with parent-of-origin effects, including asthma, autism, type I and 
type II diabetes, Alzheimer disease and schizophrenia. For these diseases, the risk of disease in an individual depends 
on whether their mother or father is likewise affected, or whether a particular risk allele is inherited from the mother 
or from the father. Some of these effects might reflect as yet unidentified imprinted loci. In fact, a recent 
genome-wide analysis of genomic imprinting in mice revealed evidence for parent-of-origin effects that are due to 
genomic imprinting on a wide range of quantitative phenotypes related to body size and growth rates, and for 
imprinting effects that varied over time and that arose or persisted into adulthood133. Therefore, some of the 
sex-specific parent-of-origin effects observed in complex human diseases, such as those mentioned above, might  
be attributable to genomic imprinting.
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Consomic strain
Inbred strain in which a 
chromosome has been 
replaced by a homologous 
chromosome from another 
inbred strain.

replicated. This was the association between the deletion– 
insertion (D–I) polymorphism in the angiotensin con-
verting enzyme gene (ACE) and hypertension in men 
only49–52 (discussed below).

Despite these limitations, several recent studies 
suggest the importance of genotype–sex interactions 
in the genetic architecture of quantitative phenotypes 
and common diseases, which should motivate the 
development of robust methods for both assessing and 
routine testing of genotype–sex interactions in genetic 
studies. It should be noted, however, that although 
many linkage studies have reported sex effects, only 
a few have shown that increased logarithm of odds 
(LoD) scores in one sex are not due to chance findings 
resulting from splitting samples and performing mul-
tiple tests, or have explicitly tested for genotype–sex 
interactions (see REFS 45,53 for exceptions). As a result, 
linkage studies will not be reviewed here. Instead, we 
first review evidence for genotype–sex interactions 
in model organisms, and then highlight three recent 
examples of genotype–sex interactions in human  
association studies.

Genotype–sex interaction in model systems
The most compelling and consistent evidence for 
genotype–sex interaction effects comes from studies 
of physiological, anatomical and behavioural traits 
in model organisms, including fruitflies54,55, mice56–59 
and rats60. For example, sex-specific effects in which 
QTLs have significantly different effects in males and 
females are a near-ubiquitous characteristic of the 
genetic architecture of complex traits in the Drosophila 
genus (reviewed in REF. 55).

In mice, studies of sex-specific effects include alco-
hol preference, which in the C57bL/6 strain has been 
shown to be nearly entirely controlled by sex-specific 
effects56,57. other examples include the sex-specific effects  
on blood pressure and renal phenotypes that result 
from knocking out the cytochrome P2J5 gene in 
C57bL/6 mice58, and studies of consomic strains of mice 
that revealed sex-specific effects of individual chromo-
somes on fear conditioning59. Similarly, in consomic 
rat strains, sex–specific effects on phenotypes related 
to hypertension and kidney disease are apparent60.

It should be noted that many of the mapping stud-
ies claiming sex-specific effects in model organisms 
suffer from the same limitations as described above 
for human studies. However, the experimental toolbox 
that is available for studies of model organisms allows 
for a more thorough dissection of sex-specific genetic 
architecture, which in many cases has directly impli-
cated specific genes or chromosomes in genotype–sex 
interactions. overall, genotype–sex interaction effects 
on diverse biological processes are common in model 
organisms and often account for a significant propor-
tion of the phenotypic variability. The extent of sex-
specific genetic architecture in the human genome has 
yet to be determined, although we predict that humans 
are similar to other organisms in this respect.

Genotype–sex interaction effects in humans
Hypertension and blood pressure. Hypertension is a 
major risk factor for cardiovascular disease, stroke 
and end-stage renal disease61. In 2005 the prevalence 
of hypertension in the adult population worldwide 
was 26%62. blood pressure is higher in men compared 
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Figure 4 | sex-specific heritabilities in males and females. Six quantitative traits with significant sex-specific 
genetic architecture show differences between males and females in the overall estimates of broad heritability (H2) 
(low-density lipoprotein (LDL)-cholesterol, lipoprotein(a) and systolic blood pressure) and/or with respect to the 
best-fitting model (triglycerides, high-density lipoprotein (HDL)-cholesterol, systolic blood pressure and height).  
This figure is drawn using data from REF. 41.
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Penetrance
The probability of observing  
a specific phenotype in 
individuals carrying a particular 
genotype.

Linkage disequilibrium
(LD). The nonrandom 
association of alleles at two  
or more loci. The pattern of 
linkage disequilibrium in a 
given genomic region reflects 
the history of natural selection, 
mutation, recombination, 
genetic drift, and other 
demographic and evolutionary 
forces.

with women among adults under the age of 45, but this 
trend switches and at 70–79 years of age women have 
higher blood pressure than men63,64, similar to overall 
trends for cardiovascular disease (FIG. 1). Genes that are 
involved in the renin–angiotensin system are functional 
candidates for blood pressure regulation and hyperten-
sion, and have been associated with these phenotypes 
with varying success (reviewed in REF. 65). A 250 bp D–I 
polymorphism in intron 16 of the ACE gene accounts 
for approximately 47% of the variance in plasma ACe 
protein levels, with each copy of the D allele associated 
with an approximately 30% increase in ACe levels66. 
ACE was considered as a candidate gene for blood 
pressure and hypertension, but results of case–control 
association studies with blood pressure were conflicting, 
and family-based studies failed to demonstrate linkage 
between the ACE locus and hypertension50.

Studies in a rat model suggested genotype–sex 
interactions67. both male and female rats that were 
heterozygous for an inactivating mutation in Ace had 
lower ACe protein levels compared with wild-type 
animals (23% reduction in males and 35% reduc-
tion in females). However, heterozygous males had a 
reduced blood pressure compared with the wild-type 
males, whereas heterozygous females had blood pres-
sures similar to wild-type females. Therefore, low ACe 
levels that were due to an inactivating mutation in the 
Ace gene did not affect blood pressure in female rats 
but protected against hypertension in male rats. The 
authors suggested that interactions with sex should be 
evaluated in genetic studies of the human ACE gene. 
Indeed, subsequent studies in humans have replicated 
this interaction49–51 (TABLE 1).

Collectively, these studies provide convincing evi-
dence for an ACE genotype–sex interaction effect on 
hypertension and possibly on blood pressure, although 
the mechanisms for these effects are still unknown. 
Moreover, these studies demonstrate that in the 
absence of a genotype–sex interaction in quantitative 
trait variation (in this example, ACe protein levels66) 
a genotype–sex interaction can still occur with respect 
to an associated physiological trait (for example, blood 

pressure)50,52 and a disease phenotype (for example, 
hypertension)49–51. Lastly, these studies provide an 
example in which the genetic model underlying the 
interaction can differ between the physiological trait 
and the disease: in males, the effect of the D allele of 
ACE is additive on blood pressure, but recessive on 
hypertension (FIG. 2b,e), suggesting a sex-specific quan-
titative (blood pressure) threshold effect for expression, 
or penetrance, of a common disease (hypertension).

Schizophrenia. Schizophrenia is a common psychiatric 
disorder with significant sex differences in prevalence, 
age of onset and morbidity68. For example, most cases 
occur between the ages of 16 and 25 years in men 
and between the ages of 25 and 30 years in women. 
overall, the male to female sex ratio is 1.4 (REFS 12,69). 
estimates of heritability for this complex disease are 
approximately 0.80 (REF. 70), indicating that a signifi-
cant proportion of disease risk is attributable to genetic 
variation. A number of sex-specific genetic associa-
tions with schizophrenia risk have been reported, but 
none has been consistently replicated15.

Shifman and colleagues conducted a genome-wide 
association study for schizophrenia using a novel 
DnA-pooling strategy71. 194 SnPs were selecting for 
further investigation on the basis of their ranking and 
statistical significance in the pooled-DnA studies,  
and because of their biological plausibility71. These 
SnPs were then individually typed in 745 patients and 
759 controls from the Ashkenazi Jewish population. 
The smallest p-value corresponded to SnP rs7341475 
(a G to A transition), for which the frequency of the 
GG genotype was 0.76 in female patients compared 
with 0.59 in female controls (p = 9.8 × 10–5). There was 
no association in males (p = 0.47), yielding a signifi-
cant genotype–sex interaction (p = 0.0053) (TABLE 2). 
This SnP is located on chromosome 7 in intron 4 of 
the reelin gene (RELN), which had previously been 
studied as a candidate for schizophrenia and related 
phenotypes72. In the Ashkenazi Jewish sample, 
rs7341475 showed high linkage disequilibrium (LD) with 
other SnPs in the third and fourth intron of RELN, but 
the LD did not extend to neighbouring genes, suggest-
ing that the association with schizophrenia is because 
of variation in the RELN gene.

To confirm that rs7341475 is a female-specific risk 
factor for schizophrenia, the investigators assessed 
whether the GG genotype was increased in women 
with schizophrenia in four other samples — from the 
united Kingdom, united States, Ireland and China. 
The predicted direction of effect was present in all  
the samples, but differences were only significant in the  
uK sample (TABLE 2). In the combined samples (with 
and without the primary Ashkenazi Jewish sample), 
the recessive (GG) genotype was a significant risk  
factor for schizophrenia in females only (FIG. 2d).

Although the association with rs7341475 did not 
meet criteria for genome-wide significance (that is, when 
corrected for multiple testing), the supportive data from 
four replication samples and the biological plausibility 
of the involvement of RELN in brain abnormalities73 

Table 1 | ACE D–I genotype–sex interaction on hypertension

sample sample size  
(cases/controls)

OR (95% ci) Refs

DD Di

Men

US Caucasian 689/755 1.59 (1.13, 2.23) 1.18 (0.87,1.62) 50

Japanese 604/1736 1.75 (1.21, 2.53) 1.14 (0.87, 1.51) 49

Serbian 98/112 2.05 (1.07, 3.91)* NA 51

Women

US Caucasian 705/945 1.00 (0.70, 1.44) 0.78 (0.56, 1.09) 50

Japanese 596/2079 1.17 (0.79, 1.72) 0.87 (0.65, 1.17) 49

Serbian 77/98 0.72 (0.33, 1.60)* NA 51

In three independent studies, the D allele at the angiotensin converting enzyme (ACE) locus 
was associated with risk for hypertension in men but not in women. Odd ratios (ORs) and 
confidence intervals (CIs) from a multivariate model adjusted for other covariates. *Relative to 
genotype II. D–I, deletion–insertion; NA, information not available.
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Nondisjunction
The failure of chromosomes to 
separate at anaphase.

Aneuploidy
The presence of an abnormal 
number of chromosomes, 
either more or less than the 
diploid number.

Ectopic exchange
Homologous recombination 
between non-allelic 
chromosomal regions.

Odds ratio
(OR). Compares the likelihood 
of an outcome (for example, a 
disease) between two groups 
(for example, cases and 
controls). It is measured as the 
ratio of the odds in one group 
to the odds in the second 
group and can be calculated  
by the following formula:  
OR = p(1 – q)/q(1 – p), where 
p is the probability of the event 
occurring for the first group 
and q the probability for the 
second group.

make these results particularly intriguing. However, 
mechanistic studies demonstrating functionality of the 
associated intronic SnP, or a SnP in LD with rs7341475, 
are still needed. Interestingly, sex-specific gene regula-
tion is suggested by two other observations: the higher 
expression of RELN in layer I neurons in women com-
pared with men; and a reduction of RELN expression in 
the superficial interstitial white-matter neurons in men 
with schizophrenia, but not in females with schizophre-
nia74. Whether the schizophrenia-associated variation 
is also associated with RELN expression differences in 
women remains to be determined.

Recombination rate. Meiotic recombination is one of 
the most fundamental biological mechanisms to ensure 
normal embryonic development. because too few 
recombination events can result in nondisjunction and 
aneuploidy, and ectopic exchange can result in chromo-
somal rearrangements75,76, it is likely that this process 
is highly regulated77. Recently, the rate of recombina-
tion78 and location of recombination79 were shown to 
be heritable phenotypes in human pedigrees.

Recombination rate is a sexually dimorphic trait, 
with overall higher rates in female germ cells in 
humans, except at the telomeres of chromosomes 
where male recombination rates exceed those of 
females80,81. A recent genome-wide association study 
of recombination rates in 1,887 Icelandic men and 
1,702 Icelandic women identified a locus that showed 
significant sex-specific effects78. Three SnPs in a 
block of LD spanning 200 kb on chromosome 4p16.3 
showed genome-wide significant evidence of associa-
tion in men (p < 10–10) and two of those SnPs were 
also genome-wide significant in women (p < 10–7). 
Surprisingly, the combination of alleles that was found 
to be associated with low recombination rates in men 
(allele C at rs3796619 and allele T at rs1670533) was 

associated with high recombination rates in women. 
The opposite effect of these SnPs on male versus 
female recombination was replicated in a second 
sample of 3,135 men and 3,365 women from Iceland 
(p < 10–8 in men and p < 10–4 in women). Relative to 
the average recombination rate in the population, each 
copy of the rs3796619 C allele decreased recombina-
tion rate by 2.62% in men, whereas each copy of the 
rs1670533 T allele increased recombination by 1.8% in 
women. The former allele explained 3.5% of the vari-
ance in recombination rate in men and the latter allele 
explained 1.7% of the recombination rate in women.

The associated SnPs were in an ‘LD block’ that 
included two genes, spondin 2 (SPON2) and ring fin-
ger protein 212 (RNF212). The authors suggest that 
RNF212 is an excellent candidate for a human recom-
bination gene because it is homologous to a gene that 
is involved in recombination in yeast. However, further 
studies are required to determine which SnP and which 
gene influence recombination rates as well as the exact 
mechanism for the sex-specific effect. nonetheless, 
these results illustrate a genotype–sex interaction 
of alleles with additive and opposite effects in males 
and females (FIG. 2c). Loci with this type of genotype–
sex interaction effects would never be detected in a 
genome-wide association study in a combined sample 
of men and women, in which the opposite nature of 
the association in the two sexes would cancel out any 
observable effect in combined samples, similar to other 
genotype–environment interactions54,82–84.

Summary and future directions
Significant sexual dimorphism in prevalence, age 
of onset, severity or genetic risk is observed for most 
common human diseases. elucidating the underlying 
mechanisms for these observations remains challenging, 
but is an important area for future research. because it 

Table 2 | Genotype–sex interaction effects of the reelin SNP rs75341475 on schizophrenia

sample sample size  
(cases/controls)

Frequency of gg genotype 
(cases/controls)

OR (95% ci)* gg 
relative to gA+AA

Men

Ashkenazi 470/1988 0.606/0.619 0.95 (0.77,1.17)

UK 320/1439 0.709/0.725 0.93 (0.71, 1.21)

US 295/202 0.692/0.698 0.97 (0.66, 1.43)

Irish 669/337 0.750/0.733 1.10 (0.81, 1.48)

Chinese 222/229 0.806/0.830 0.85 (0.53, 1.38)

Combined 1976/4195 NA 0.96 (0.85, 1.10)

Women

Ashkenazi 265/656 0.755/0.610 1.97 (1.43, 2.71)

UK 155/1488 0.813/0.702 1.85 (1.22, 2.81)

US 109/232 0.725/0.638 1.50 (0.91, 2.46)

Irish 311/245 0.762/0.731 1.18 (0.80, 1.73)

Chinese 193/229 0.845/0.825 1.15 (0.69, 1.93)

Combined 1033/2850 NA 1.58 (1.31–1.89)

*P
interaction

 for all samples combined = 1.6 × 10-5 (from REF. 71). CI, confidence interval; NA, information not available; OR, odds ratio.
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000  Sex-specific	genetic	architecture	of	human	
disease
Carole Ober, Dagan A. Loisel and Yoav Gilad
It is increasingly clear that genetic factors contribute 
to the different manifestation of human diseases 
between males and females. Genotype-by-sex 
interactions on disease risk might be common 
in humans; ignoring such effects in searches for 
disease-associated genes may result in important loci 
being missed.

Online Summary:
•	 nearly all human diseases are sexually dimorphic with respect to 

prevalence, age of onset, severity or disease course. Sex-specific 
differences in physiology, behaviour or anatomy might contribute 
to some of the differences in disease risk, but genetics also plays a 
part.

•	 Gene expression patterns differ between males and females of all 
species examined, not only for genes on the sex chromosomes, but 
also for genes on the autosomes.

•	 Genes with sex-biased gene expression evolve rapidly at the pro-
tein-coding level, whereas differences in gene regulation are often 
highly conserved.

•	 Differences in gene expression between the sexes probably con-
tribute to sexual dimorphism in disease risk and course.

•	 Studies of disease-associated quantitative traits in humans suggest 
that many have a sex-specific genetic architecture, with estimates 
of heritability differing between males and females.

•	 Genotype-by-sex interactions are common in model organisms, 
indicating that genotype-specific effects differ between males and 
females. Recent examples of genotype-by-sex interactions on dis-
ease risk suggest that such effects might be common in humans as 
well.

•	 Genetic linkage and association studies that do not consider sex-
specific genotype effects could miss a significant proportion of 
genes contributing to risk for complex diseases.
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