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Abstract GWAS studies identified seven genomic regions with robust evidence
for genome-wide significant association with endometriosis risk. One important
question that arises is whether these genetic markers can be used to predict risk of
developing endometriosis for individual women. As with most complex diseases,
the effect sizes for genetic markers linked to endometriosis risk are small with
odds ratios less than 1.3. If we combine information from all seven markers, we
explain only 1.85% of the total phenotypic variance on the liability scale (assum-
ing a population prevalence of endometriosis of 8%) with no predictive power for
individual risk.

To explore the ability of all common genetic markers to predict endometriosis risk
in individuals, we conducted simulations to quantify how useful endometriosis risk
prediction is given current parameters. Applying our estimate of heritability (4? = 0.26)
from all common SNPs and assuming data were available from ~30,000 endometrio-
sis cases, the proportion of variance explained by the risk predictor is still only ~0.08.
To improve this prediction would require a far greater sample size. Current data may
be useful for population-based stratification into risk categories. This can have appli-
cations in some cases such as improved efficiency of screening in breast cancer. In the
future, risk prediction for endometriosis might be improved through combining
genetic risk scores with clinical data, estimates of environmental effects such as DNA
methylation signals, and/or better understanding of disease subtypes.
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Introduction

Endometriosis is a complex disorder influenced by multiple genetic and environ-
mental factors. The genetic contributions to endometriosis risk are well documented,
and several studies show that disease risk is higher among the relatives of endome-
triosis cases compared to controls in both hospital- [1, 2] and population-based [3]
samples. This is further supported by twin studies showing an increased concor-
dance in monozygotic when compared to dizygotic twins [4, 5] with the strongest
evidence for genes influencing endometriosis from large-scale studies in twins [6]
and in the Icelandic population [3].

Once the role for genetic variation was established, research efforts were directed
toward identifying the genetic factors responsible. A large number of “candidate
gene” studies have been published looking for association between endometriosis
risk and genetic markers within biologically plausible candidate genes. In general,
these studies were not successful with few results replicated or supported by later
genome-wide association studies (GWAS) [7, 8]. Possible reasons for this have
been reviewed elsewhere [7, 9]. Genetic linkage studies have also reported genomic
regions that might harbor genetic variants increasing risk for endometriosis [10, 11],
but no genes within these regions show significant association with disease risk.

In the last 5 years, the focus has shifted to large GWAS projects employing high
throughput methods to genotype many thousand representative common genetic
variants. This approach has revolutionized gene discovery for a wide spectrum of
complex traits. Several GWAS studies for endometriosis have been published and
results reviewed recently [8]. Seven genomic regions show genome-wide associa-
tion with endometriosis with robust evidence across different populations and eth-
nic groups.

Given robust association between genetic markers and endometriosis risk, can
these genetic markers be used to predict risk of developing endometriosis for indi-
vidual women? Unfortunately, as with most complex diseases, the effect sizes for
these genetic markers linked to increased endometriosis risk are small with odds
ratios less than 1.3. Consequently, markers with robust evidence for association
provide little power to predict a woman’s risk of disease. More recently, methods
have been developed to use genome-wide SNP genotype data for prediction. In this
chapter we discuss genomic regions associated with endometriosis identified from
GWAS studies and discuss prediction of individual risk from the associated markers
and from genome-wide SNP prediction.

Genomic Regions Associated with Endometriosis Risk

Genome-wide association results have been published from four studies [12-15]
and a meta-analysis [16] of summary data from the International Endogene
Consortium study and the larger Japanese study. In addition, replication studies for
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some of the key SNPs identified in the GWAS studies have been published [17-19].
There is excellent agreement across all studies for the major regions implicated in
endometriosis risk [8]. Six regions showed evidence for genome-wide significant
association in all cases, severe cases or both groups, and results for the region
around fibronectin 1 (FNI) are close to genome-wide significance with strongest
evidence in severe cases [8]. Recently, a meta-analysis of imputed data from Nyholt
et al. [16] and the published results from Adachi et al. [12] confirmed association
between endometriosis risk and SNPs in the region of interleukin 1A (IL/A) on
chromosome 2 [20] adding a further important region for follow-up.

Heritability

Heritability (4?) is an estimate of the proportion of variation in disease risk due to
genetic factors. Traditionally this was estimated from similarities and differences in
risk for relatives. One widely used design is to consider disease risks between pairs
of identical and nonidentical twins. If the risk is higher for identical twins, this is
evidence for a genetic contribution to disease risk since identical twins share 100%
of their genome while nonidentical twins share only 50%. Using the classical twin
design in a large sample of Australian twins, heritability for endometriosis risk was
estimated at ~50% [6]. The remaining 50% of risk is due to other factors including
environmental influences.

Studies trying to dissect the genetic and nongenetic causes using familial aggre-
gation studies based on phenotypic observations alone must make explicit assump-
tions about shared environmental influences that are difficult to exclude entirely.
More recently, whole-genome genotyping through GWAS provides an alternative
method to estimate genetic contributions to disease risk independent of assumptions
about shared environment necessary in family-based designs. We have used this
method to estimate the genetic contribution to endometriosis from common genetic
markers, sometimes called the SNP-heritability. After standard QC, the number of
samples and SNPs used for estimating the genetic variance was 10,135 individuals
(3154 cases and 6981 controls) with ~500,000 common SNPs [21]. We estimated
that SNP-heritability on the liability sale was 0.26 (SE 0.04) assuming the popula-
tion prevalence is 0.08 [21].

The difference between the SNP-heritability and heritability estimated from twin
studies is likely due to several factors including uncertainty in the heritability from
twin studies, the 500,000 common variants do not capture all the contributions from
many rare variants, gene x environmental effects were not properly modelled, and
possible heterogeneity from combining all endometriosis cases with different levels
of severity and presentation. This difference between twin estimates of heritability
and SNP-heritability is a general phenomenon for complex diseases. Many studies
are now investigating those factors that can explain the discrepancy between the SNP-
heritability and heritability. For the present study, the estimate of SNP-heritability
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sets the practical upper limit for the ability of genetic markers to predict risk of
disease. For endometriosis, this is ~25% of the variation and requires using data from
genome-wide genotyping.

Genetic Architecture of Endometriosis

The genetic architecture for a disease or trait is defined as the number of loci affect-
ing the trait, the distribution of effect sizes, interactions between the genes or loci,
and interactions with the environment [22]. GWAS results provide strong evidence
for genomic regions associated with endometriosis risk. However, association results
must pass stringent thresholds for significance and be replicated in independent stud-
ies before risk variants are accepted as contributing to disease risk. Only a few of the
“top hits” meet these criteria in most genome-wide studies. Many other variants lie
just below the threshold. A proportion of these markers will be “truly” associated
with disease, but cannot be distinguished from the other false positive signals.

Larger studies help to discover more of the risk variants, but the application of
multivariate statistical approaches to the entire marker data set can also be used in
other important ways to understand the nature of genetic contributions to disease
risk. Genetic risk prediction (GRP) methods make use of the aggregate effects of
many genetic variants where one data set serves as discovery sample, with associa-
tion tested in a target set [23]. Variants of small effect (e.g., with genotype relative
risk of 1.05) are unlikely to achieve even nominal significance in a GWAS analysis;
however, increasing proportions of true effects will be detected at increasingly lib-
eral p-value thresholds. In the discovery sample, sets of allele-specific scores are
selected for SNPs with the different levels of significance (e.g., P < 0.01, 0.05, 0.1,
0.2, etc.). Genetic risk scores for individuals in the target set are then calculated as
the sum of the copies of risk alleles for that individual in the target set weighted by
the allelic effects (log odds ratio) estimated from the discovery set. The term risk
score is used instead of risk, as it is impossible to differentiate the minority of true
risk alleles from the nonassociated markers.

Applications of GWAS Data Beyond the Top Hits

Genetic profiles can be used in important ways to investigate the genetic architecture
of endometriosis. Our results show that analyses of all SNPs in the endometriosis
GWAS data sets provide powerful approaches to investigate subgroups of endome-
triosis and understand shared genetic contributions across studies [14, 16, 24].

It is often difficult to determine the relationship between disease classes with
strongly overlapping symptoms. In genetic studies of endometriosis, the Revised
American Fertility Society (rAFS) classification system is commonly used to stage
disease severity and assigns patients to one of four stages (I-IV) on the basis of the
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extent of the disease and the associated adhesions present [7, 8]. Other classification
systems have been proposed including ovarian vs. peritoneal disease and deep infiltrat-
ing vs. superficial disease. Whether these subclasses represent the natural history of
one disorder, or are in fact different disease subtypes, is an important consideration in
endometriosis research. Analysis of genome-wide marker data can assess the genetic
contribution to individual disease subclasses and also the shared genetic contribution
to each subclass providing new insights into the different disease presentations [24].

We have applied genetic risk prediction methods to show a stronger genetic con-
tribution to severe disease compared with minimal/mild cases of endometriosis
[14]. Further analysis of different disease classes [24] confirms the stronger genetic
association with severe disease. In addition, mild forms of the disease in the discov-
ery sample predict milder forms of disease in the target sample, but not more severe
forms. Larger samples will be needed to confirm this result, but the data suggest
distinct genetic contributions to mild forms of the disease. Similar methods also
show strong genetic overlap for endometriosis cases in both European and Japanese
populations [16].

Taken together, results from the GWAS, estimates of SNP-heritability, and poly-
genic prediction methods demonstrate that genetic contributions to endometriosis
risk are due to a large number of common variants each with small effects. No com-
mon variants with large effects have been detected. Genome-wide significant “hits”
all have small effects (odds ratios <1.3), and many more genetic variants affecting
disease risk remain to be discovered.

Risk Prediction for Endometriosis

As noted above, the individual risks conferred by markers showing genome-wide
significant association with endometriosis are low and do not help with prediction
of individual risk. Even if we combine information from loci discovered from
GWAS, they still have poor predictive power to discriminate individual risk. We
combined results for the seven genome-wide significant loci from data on the refer-
ence allele frequencies and odds ratio from meta-analysis of the combined Australian
and UK samples including 3181 case and 8075 controls [16]. Using a liability
threshold model [25], the variance explained by the seven SNPs was 1.85% of the
total phenotypic variance estimated on the liability scale assuming a population
prevalence of 8%.

To explore the ability of all common genetic markers to predict endometriosis
risk in individuals, we conducted simulations to quantify how useful endometriosis
risk prediction is given current parameters. In this case, data from a large discovery
sample are used to rank markers positively associated with endometriosis risk and
develop a marker set which, when the markers are genotyped in an individual,
would provide some prediction of disease risk. The accuracy of the prediction
depends on a number of parameters and is strongly influenced by the size of the
discovery sample.



88 S.H. Lee et al.
Prediction Accuracy and Sample Size

Using recent results on prediction accuracy of polygenic scores derived from quan-
titative genetic theory [26, 27], we quantified the relationship between sample size
of the discovery sample and prediction accuracy. We assumed that endometriosis
was polygenic [14, 16], the population prevalence was 0.08, and heritability on the
liability scale was either 0.26 [21] based on SNP-heritability or 0.5 [6] from twin
studies. We further assumed that the proportion of cases in the discovery sample
was ~30% (~twice the number of controls compared with the number of cases) and
8% for validation set (i.e., population sample). The effective number of SNPs was
assumed to be 50,000 [28].

Results show that when the heritability is 42 = 0.26 (Fig. 1), the proportion of vari-
ance explained by the risk predictor is ~ 0.08 even with 101,350 individuals (31,540
cases and 69,810 controls). However, the same proportion of variance can be achieved
with ~20,270 individuals when heritability is 4% = 0.5. A similar pattern is observed
for the area under the curve (AUC; Fig. 2). An AUC of 0.65 requires 101,350 indi-
viduals with 42 = 0.26, but requires only 20,270 individuals with 4> = 0.5.

Following a common epidemiological approach to assess a continuous risk fac-
tor [23, 29], individuals were stratified into deciles according to the ranked values
of the genetic risk predictors. We quantify the odds ratio of case-control status by
contrasting the top decile to the lowest decile (Fig. 3). This approach is powerful
even with a relatively small discovery sample, indicating this may be a valuable tool
to stratify a heterogeneous population into groups.
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Fig. 1 The proportion of variance in endometriosis risk explained (R?) is plotted against sample
size for the discovery sample. The red line assumes h> = 0.26, and the blue line assumes h*> = 0.5
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Fig. 2 Area under ROC (receiver operating characteristic) curve (AUC) plotted against sample
size. The red line assumes h? = 0.26, and the blue line assumes h? = 0.5

70

: /
/

o
2 40
I
(%]
3
o 30 /

) /

’ /

0 . . . . . .
0 20000 40000 60000 80000 100000 120000

Sample size

Fig. 3 Odds ratios of individuals stratified into deciles based on genetic risk predictors in valida-
tion data set, using the decile with the lowest risk as the baseline, plotted against sample size. Red
line with h* = 0.26 and blue line with h*> = 0.5
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Summary and Future Directions

Current genome-wide significant “hits” provide no power for prediction of endome-
triosis risk for individual women. Studies of the genetic architecture of endometrio-
sis and comparison with other complex diseases show that the genetic contribution
to endometriosis is due to a large number of genetic variants each with small effects.
The genome-wide significant “hits” represent only those markers that pass the strin-
gent threshold required to account for the multiple testing required in GWAS analy-
ses. Many other variants will be associated with endometriosis risk among the top
SNPs that do not exceed the threshold and can provide useful information for
prediction.

As we show in our simulations, the precision of genetic risk predictors con-
structed from a discovery sample depends on the size of the discovery sample and
heritability of the disease. A very large discovery sample will be necessary to
develop genetic risk scores with any accuracy for prediction. The meta-analysis of
the International Endogene Consortium and Japanese GWAS studies analysed 4604
endometriosis cases. A new consortium of international groups is assembling data
for ~17,000 cases and a large number of controls. Even with a discovery sample of
this size, genetic risk predictors will still only explain a small proportion of variance
in disease risk at SNP-heritability of 0.26.

Future developments may improve the prospects for including genetic markers
in predictive tests for endometriosis risk. Risk prediction is an active area of research
and a number of groups are working on ways to improve prediction estimates [30].
Although genetic markers do not provide accurate estimates for individual risk pre-
diction, we show that current estimates may still be useful for population-based
stratification into risk categories. This approach is being considered in breast cancer
screening where including risk scores could change the current recommendations
based on age [31]. Inclusion of risk scores could allow younger women with equiva-
lent absolute risk to benefit from screening while decreasing by ~25% the propor-
tion of women in current age groups where screening is considered useful [31].

Risk estimates from genetic marker data could be combined with clinical infor-
mation to improve prediction. In breast cancer, addition of risk estimates from
marker data for seven loci gave a small improvement in risk prediction based on
family history, reproductive information, environment, and lifestyle factors [30].
Another consideration is that the current GWAS “hits” are unlikely to be the func-
tional variants [32]. Identifying the true functional variants at each locus may
improve the accuracy of risk estimates.

Risk prediction may vary across different disease subtypes. Current GWAS stud-
ies in endometriosis include cases of clinically diagnosed and self-reported disease
and are combined across all disease stages. We have shown that the genetic archi-
tecture may differ between mild and severe forms of the disease [24]. If this is the
case, separation of cases into meaningful subtypes may improve the precision of
risk predictors within subtypes. However, very large studies will be necessary to
achieve appropriate power for the different subtypes.
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Endometriosis is influenced by genetic variation and also by environmental fac-
tors. One promising approach being used in other complex traits is the study of
genome-wide methylation signals [33, 34]. Methylation signals are themselves
influenced by genetic variation [32], but they also capture past and present environ-
mental effects [34]. As we have seen, the accuracy of risk prediction depends on the
disease heritability. Risk prediction in endometriosis would be improved if the heri-
tability explained by genetic markers was nearer to the estimate (4* = 0.5) from twin
studies [6]. Even if we can account for all of the genetic variation, this still leaves
half of the variance in endometriosis risk unexplained.

One approach we are following up is whether genome-wide methylation can cap-
ture some of the environmental influence and be used to improve disease prediction.
Using similar approaches we have evaluated combining genetic risk scores and meth-
ylation risk scores for prediction in studies on body mass index (BMI) and height [35].
BMI has modest heritability and is influenced by environment, while height has very
high heritability. Combining risk scores from GWAS and methylation substantially
increases prediction for BMI but does not improve prediction for height.

In conclusion, genetic variants associated with endometriosis risk do not provide
useful markers to predict individual risk for endometriosis, whether restricting the
markers to genome-wide significant results or combining data into polygenic risk
scores. Much larger genetic studies will be required to approach useful prediction.
There are promising developments to improve prediction through combining genetic
data with other data. This includes clinical data and predictors from genome-wide
methylation signals. Further studies will be required to determine if these approaches
are useful for endometriosis risk prediction.
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