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Whole-exome sequencing (WES) has facilitated the discovery of
genetic lesions underlying monogenic disorders. Incomplete pen-
etrance and variable expressivity suggest a contribution of addi-
tional genetic lesions to clinical manifestations and outcome.
Some monogenic disorders may therefore actually be digenic.
However, only a few digenic disorders have been reported, all
discovered by candidate gene approaches applied to at least one
locus. We propose here a two-locus genome-wide test for detect-
ing digenic inheritance in WES data. This approach uses the gene
as the unit of analysis and tests all pairs of genes to detect pair-
wise gene x gene interactions underlying disease. It is a case-only
method, which has several advantages over classic case-control
tests, in particular by avoiding recruitment of controls. Our simu-
lation studies based on real WES data identified two major sources
of type | error inflation in this case-only test: linkage disequilib-
rium and population stratification. Both were corrected by specific
procedures. Moreover, our case-only approach is more powerful
than the corresponding case-control test for detecting digenic in-
teractions in various population stratification scenarios. Finally, we
confirmed the potential of our unbiased, genome-wide approach
by successfully identifying a previously reported digenic lesion in
patients with craniosynostosis. Our case-only test is a powerful
and timely tool for detecting digenic inheritance in WES data
from patients.

digenic inheritance | next-generation sequencing | genome-wide |
case-only | craniosynostosis

N ext-generation sequencing (NGS) is now widely used and is
gradually being optimized for the detection of rare and
common genetic variants underlying human diseases (1-3).
These advances, including whole-exome sequencing (WES) in
particular, have led to major new findings in the field of human
genetics, particularly for monogenic disorders (4-12). The
growing number of reports of incomplete penetrance or variable
expressivity of monogenic disorders suggests that additional ge-
netic contributions, other than the mono- or biallelic causal le-
sions, may contribute to clinical manifestations and outcome (13,
14). Digenic inheritance is the simplest genetic model of this type
with alleles at two different loci being necessary and sufficient to
determine disease status (15, 16). The recently established
Digenic Diseases DAtabase (DIDA) contains detailed informa-
tion about digenic inheritance for 258 reported digenic combi-
nations, corresponding to 54 conditions, since 1994 (17). Well-
known examples relate to genetic modifier variants influencing
the expression of the clinical phenotype caused by a primary
disease-causing mutation. Cystic fibrosis (CF) is a classic exam-
ple of a monogenic disease for which several genetic modifier
variants have been identified. An elegant WES-based study
showed that two low-frequency (minor allele frequency

WWww.pnas.org/cgi/doi/10.1073/pnas.1920650117

[MAF] <5%) missense variants of DCTN4 were associated with
the severity of pulmonary Pseudomonas aeruginosa infections in
CF patients (18). One remarkable example of digenic inheritance
explaining incomplete penetrance was recently provided for cra-
niosynostosis. Timberlake et al. (19) found a highly significant en-
richment in rare damaging SMAD6 mutations in patients with
craniosynostosis (n = 191). However, variants were also carried by
13 asymptomatic family members. The authors showed that a
common variant close to BMP2, a SMAD6-related gene, accounted
for almost all of the observed incomplete penetrance.

Only 1% of the 5,442 traits listed in Online Mendelian In-
heritance in Man (OMIM) (20) as single-gene disorders are also
known to display digenic inheritance and are listed in DIDA.
Interestingly, all of the lesions known to be caused by defects
with digenic inheritance were discovered in candidate gene
studies, rather than through unbiased genome-wide statistical
tests. In some cases, as for the CF example cited above, the
defects were identified by single-gene analyses of patients with
known disease-causing variants at the primary causal locus (18).
The craniosynostosis example is unique in that its discovery
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involved a combination of genome-wide single-gene analysis with
prior knowledge of a common variant from genome-wide asso-
ciation study (GWAS) data (19, 21). For genetically heteroge-
neous diseases, such as Alport syndrome, for which there are
three known disease-causing genes, long-QT syndrome and
Bardet-Biedl syndrome, each with more than a dozen disease-
causing genes, the proven digenic combinations display various
modes of dominance and involve the known disease-causing
genes (22, 23). However, other genetic modifier genes may be
hidden among genes with an unknown functional impact on
disease, or even genes with no detectable main effect. Similarly,
many heritable conditions masked in apparently sporadic cases,
for which the genetic etiology remains unknown, may be due to
digenic inheritance.

There is, therefore, a need for two-locus genome-wide meth-
ods for the detection of digenic inheritance in NGS data, in
particular WES data, which are widely used by geneticists
(24-26). Very few methods have been developed for detecting
gene X gene interactions in the general context of rare variant
association studies; all techniques to date are based on case-
control designs (27-29). Here, we propose a case-only ap-
proach to specific searches for digenic inheritance. This design
avoids the need for control recruitment and the potential asso-
ciated bias. Furthermore, case-only approaches have been shown
to be more powerful than classic case-control tests when com-
mon variants are tested for interaction, particularly in the con-
text of GWAS (30-34). Our approach is based on the
aggregation of rare variants within a gene as the unit of analysis,
addressing the lack of power inherent to studies of rare variants.
Assessment of interactions at gene level also greatly decreases
the number of tests required relative to testing at allele level, po-
tentially also decreasing the amount of computer time required.

Materials and Methods

The Variant Aggregation Model. A strategy commonly used for low-frequency
variants from NGS data involves tests based on the aggregation of variants
within a genomic region. Several types of tests are used for this purpose:
burden tests, adaptive burden tests, variance-component tests, and combi-
nations of these three classes (35). Here, we propose a method based on the
classic collapsing of variants within the unit of a gene. This approach opti-
mizes statistical power under a hypothesis of genetic homogeneity, while
making it possible to assess actual gene x gene interactions with a number
of tests corresponding to the number of possible two-way combinations of
genes. In this study, the aggregation of variants within a gene is based on
the methodology of a class of burden tests known as the “cohort allelic sums
test” (36). Formally, for each gene j and a given subset of variants S; ob-
served within this gene, if n is the number of individuals studied, we con-
sider the following vector(gjs, ..., gj,) denoted G;. Foreachi=1, ..., n, gjiis
then defined as follows:

_ lflndlwduaIlcarnesatleastonevar/antlnsubsetS
Gii = otherwise

The term “carries” depends here on the biological inheritance model. For
example, in a dominant model, g; = 1 if individual i harbors at least one
copy of at least one variant allele from the set of variants studied S; within
gene j. In addition, the choice of 5; may be based on different features at the

Table 1. Contingency table of carriers of rare variants for a
given pair of genes k and j for affected and unaffected
individuals

Gene k
Gene j Carriers Noncarriers
Carriers ikj11 ikj,01
Noncarriers ij10 ikj,00

i ={n, m}. When i = n, cells account for the number of affected individ-
uals; when i = m, cells account for the number of unaffected individuals.
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variant level, such as the MAF or functional impact prediction, as
described below.

The Case-Control Design for Interaction. Using this notation, data for genes k
and j in a case-control dataset, with a binary disease status D, can be sum-
marized into two 2 x 2 contingency tables, one for affected individuals
(cases, D = 1) and one for unaffected individuals (controls, D = 0), as in
Table 1. Based on these tables, let Ny; = (ng;j,00, Nkj,10. Nkj01. Nkj,11) be a vector
of the observed numbers of carriers for gene k and gene j among cases,

such that, for example, ngi11 = 3 (9k xgj). Similarly, we define
iin cases

Myj = (Mgj00, Mij,10, Mij,01. Mij11) as a vector of the observed numbers of
carriers for gene k and gene j among controls. The odds ratios for cases and
controls, respectively, for genes k and j are defined as follows:

NiG11 X Nkj,00 oy _
. o ki —
Nkj10 X Nkj01

Myj11 X Mgj00

ORi/- = .
Myj10 X Myj 01

Classic statistical analyses of interaction are based on the comparison of
ORiiand OR};. More specifically, the following classic case-control logistic

regression model is often used to test for interaction:

logitP(D = 1) = By + B Gy + B;Gj + B,Gk X Gj, [1]

where it can be shown that the interaction coefficient g,equals Iog(OR ) This
model also takes main effects into account, by considering coefficient terms
for each gene (§; and p). In addition, specific covariates, such as principal
components (PCs), can easily be introduced into the model. Including a
matrix of covariates X and a vector C of coefficients, the full logistic re-
gression model takes the following form:

l0gitP(D = 1) = fig + §;G; + i Gr + f1G; X Gy + CX. [2]

Subsequently, the null hypothesis of no interaction g, = 0 can be tested in a
likelihood ratio test (LRT) with one degree of freedom, in the presence or
absence of main genetic effects and/or covariate effects.

The Case-Only Model. Interactions can also be assessed by focusing exclusively
on cases, such that all of the information is provided by the 2 x 2 contingency
table for affected individuals (Table 1). In this situation, the standard full
logistic regression model to test for interaction between genes Gk and Gj is
now written as

l0gitP(Gy = 1) = 7 + 1,G; + CX, [3]

where y, is equal to Iog(Osz), X is a matrix of covariates, and C a vector of
coefficients. As before, an LRT with one degree of freedom can be used to
test the null hypothesisy, = 0.

Under the assumption that vectors Gk and Gj are not correlated, implying,
in particular, that variants of the two genes are not in linkage disequilibrium
(LD), a deviation from 1 of Osz indicates interaction. In addition, if the
disease is rare, ORy;is close to 1, and, consequently, 3, is approximatelyy,. The

advantages of this test over case-control tests have been extensively studied
theoretically (30, 34), in particular the gain of power. This gain stands from
the nature of the estimators of the interaction coefficients of both designs.

These estimators depend either on the ratio o

OR
onORY; for the case-only test. The asymptotic varlances of the estimators are
the sum of the reciprocal counts of Table 1, either for both affected and
unaffected subjects (case-control design) or for affected individuals only
(case-only) (30). Hence, the variance of the estimator of the case-control
interaction coefficient has a larger variance, leading to a less powerful
test. In addition, the advantages include the absence of a need to recruit
controls, which, in the context of more prevalent diseases, would also avoid
the problem of the misclassification of individuals with the unaffected
phenotype. The only known limitation of this test is that it assumes inde-
pendence in the general population of the variants tested. In agreement
with previous analyses of the case-only test in GWAS data or theoretical
contexts, our type | error analyses using WES data revealed similar sources of
violation of this assumption.

Samples. For the simulation study we worked on real exome data, using
samples from the 1000 Genome project (1000G) populations, and a subset of
our in-house exome database, the Human Genetics of Infectious Diseases
(HGID) database. Six populations from the 1000G database were used: four
European populations—the Iberian population in Spain (IBS, n = 107),
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Table 2. Empirical type | errors at a nominal value of & = 1073 for the case-only and case-control tests in the absence of population

stratification

Model
Design Pgo* Pg," Pg, +3PC* Pg + Cos® Pg + C3s"
Case-only (IBS + TSI) 0.00147 0.00121 0.00133 0.00109 0.00108
[0.0009-0.00110] [0.0009-0.00110] [0.0009-0.00110] [0.0009-0.00113] [0.0009-0.00114]
Case-control (IBS + TSI + GBR + 0.00128 0.00128 0.00130 0.00107 0.00103
FIN) [0.0009-0.00110] [0.0009-0.00110] [0.0009-0.00110] [0.0009-0.00113] [0.0009-0.00114]

Boundaries of the 95% confidence intervals are shown in brackets. Type | error values lying outside the 95% confidence interval’s boundaries are in italic.

*All pairs of genes with >15% of carriers of variants with MAF <5%.
"Pairs of genes as Pg, but with genes apart by at least 2 Mb.

*Pairs of genes as Pg, with adjustment on the first three PCs.

SPairs of genes as Pg, with >25% of carriers of variants with MAF <10%.
YPairs of genes as Pg, with >35% of carriers of variants with MAF <15%.

Toscani in Italy (TSI, n = 107), British in England and Scotland (GBR, n = 91)
and Finnish in Finland (FIN, n = 99) — and two Asian populations of Chinese
origin —Southern Han Chinese (CHS, n = 105) and Chinese Dai in Xish-
uangbanna, China (CDX, n = 93). From the HGID database, which includes
data for > 4,000 individuals of various ethnic origins, including patients
suffering from severe infectious diseases, we selected 1,331 individuals of
European origin, as defined by PC analysis (PCA) on WES data, as previously
described (37). Based on a refined PCA on these 1,331 individuals, together
with the 404 European 1000G individuals, we identified three distinct sub-
populations (S/ Appendix, Fig. S1): “Northern Europeans” (N), “Middle Eu-
ropeans” (M), and “Southern Europeans” (S). For the real data analysis we
used the craniosynostosis WES dataset reported in ref. 19 (S/ Appendix).

Results

Simulation Study. We first investigated the properties of our case-
only test through simulations on real exome data from the 1000G
populations and a subset of our in-house exome HGID database.
We performed analyses under the null hypothesis of no digenic
interactions and no main genetic effects, for which we assessed
type I errors. We also worked under the alternative hypothesis of
a digenic interaction, for which we assessed statistical power
under genetic effects of different magnitudes. In these analyses,
we compared the case-only approach to the corresponding case-
control approach, for various population stratification (PS)
scenarios.

Type | Error Analyses.

Case-only design. We first performed our case-only test on an
ethnically homogeneous population based on the 214 IBS + TSI
1000G Southern European samples. After the application of
quality-control filters (SI Appendix), 1,588 genes for which at
least 15% of individuals carried rare variants were included in
the analysis, resulting in 1,260,067 interaction tests. We observed
a moderate inflation of type I error to 0.00147 for a = 1073

(Table 2) and 0.0535 for a = 0.05 (SI Appendix, Table S1). We
therefore assessed the possible effect of LD (38), by restricting
our analysis to pairs of genes physically separated by a minimal
distance 6 (measured in megabases [Mb]). Empirical type I er-
rors decreased with increases in 6 from 0.1 to 2 Mb (SI Appendix,
Table S2), and a type I error of 0.00121 was obtained at a
nominal value a of 107> when 6 = 2 Mb (Table 2). The distri-
butions of P values for tests of pairs of genes with § < 2 Mb was
strikingly inflated (SI Appendix, Fig. S2). Type 1 errors did not
improve for § > 2 Mb (SI Appendix, Table S2). Globally, these
results show that LD accounted for the lowest P values in the
case-only test. The refined investigation of statistically significant
pairs of genes located close together (680 with P < 0.05 among
4,082 pairs with 5§ < 2 Mb in the IBS + TSI cohort) would re-
quire a case-control design. Even so, after simple LD correction
based on removing the pairs of genes with § < 2 Mb, type I errors
remained slightly above the corresponding upper limit of the
confidence interval. No further improvement was obtained by
adjusting our tests for the first three PCs, consistent with the fact
that the IBS and the TSI populations are very close.

Case-control design. We conducted an analogous investigation with
a case-control design on an enlarged European population
consisting of the 404 IBS + TSI + GBR + FIN 1000G samples,
in order to have ~200 cases and ~200 controls. We first applied
it in a population-balanced scenario (Table 2), in which 1,563
genes were retained after the application of quality-control fil-
ters (S Appendix). No inflation due to LD (as expected in a case-
control design) or PS (as expected for a balanced scenario) was
observed. Nevertheless, a slight inflation of type I error similar to
that observed for the case-only test at @ = 107> (Table 2) and
a = 0.05 (SI Appendix, Table S1) was found. We hypothesized
that this inflation might be at least partly due to the small
sample sizes in the contingency cells of Table 1. We tested this

GENETICS

Table 3. Empirical type I errors at a nominal value of & = 103 for the case-only and case-control

tests in the presence of population stratification

PC adjustment

Design No adjustment 3PC
Case-only* 0.01432 [0.0009-0.00113] 0.00135 [0.0009-0.00113]
(IBS + CHS)

Case-control, balanced

(IBS + TSI + CHS + CDX)

Case-control, unbalanced
(IBS + TSI + CHS + CDX)

0.00132 [0.0009-0.00113]

0.00257 [0.0009-0.00113]

0.00136 [0.0009-0.00113]

0.00126 [0.0009-0.00113]

Boundaries of the 95% confidence intervals are shown in brackets. Type | error values lying outside the 95%

confidence interval’s boundaries are in italic.

*Using pairs of genes with genes apart by at least 2 Mb.
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Table 4. Description of the schemes used in Power Analyses

Schemes
A 2GR
Genome-
wide 2G 2GS Two genes
Genes Both common and nonstratified by Both common and stratified by = One common and one rare nonstratified by
tested All genes population population population
OR; {1.2} {1.2} {1.2} {1,2}
OR {1.2} {1.2} {1.2} {1.2}
OR {1,...,5} {1,...,5} {1,...,5} {1,...,10}

ORjand ORy are the odds ratios for the main effect of the first and the second gene of each pair, respectively.OR; is the odds ratio for the interaction term

of Eq. 1.

hypothesis by repeating the analyses for both the case-only and
the case-control tests with more common variants and a larger
number of carriers at the gene level (i.e., variants with a
MAF <10% and genes with carriage rates of at least 25%, and
variants with a MAF <15% and genes with carriage rates of at
least 35%; Table 2). The type I error was clearly lower and im-
proved as the frequency of variants increased. For both tests,
empirical type I errors were within the boundaries of the confi-
dence interval for a = 1073

Sample size investigation. We investigated the impact of contin-
gency cell sample sizes and the number of tests on the case-only
approach, by extending the previous scenario to two new settings
with less stringent MAF thresholds. We first conducted a case-
only test for all genes carried by at least 5%, rather than 15%, of
individuals in the IBS + TSI population. This strategy increased
the number of genes retained to 5,563, and, after the removal of
genes in LD, we tested a total of 15,465,141 pairs of genes and
generated the QQ-plot for ST Appendix, Fig. S3. The type I error
was moderately inflated (0.057) for a = 0.05, but there was a
slightly conservative trend for lower a values (from 107> to 107°),
which remained either close to the lower limit or within the

corresponding confidence interval, particularly for the lowest
nominal values (SI Appendix, Table S3). We also simulated the
data for one gene considered “rare” (at least 1% carriers, total
of 11,470 genes) and another considered “common” (at least
15% carriers, total of 1,588 genes). Under this scenario,
16,951,106 pairs of genes were tested, and the QQ-plot for S/
Appendix, Fig. S4 was generated. The results were similar to
those for the situation previously analyzed (5% vs. 5%), with a
conservative trend for low nominal type I error values (S/
Appendix, Table S3). Finally, we investigated the properties of
the test for even lower a values (down to 1077) with a specific
study design (SI Appendix). We found that the case-only test
remained slightly conservative but within the confidence in-
terval boundaries for a=10"° and a =107 (SI Appendix,
Table S4). Overall, these results suggest that the case-only test
is robust for investigating a large range of carrier frequencies
at the genome-wide level and for low nominal avalues, pro-
vided that LD is considered.

Population stratification. We then investigated the effect of PS,
again focusing only on genes for which at least 15% of the in-
dividuals in the study population were carriers and which were

60
40
.
[
H
[=]
o
20
0 1= 5]

OH|

Fig. 1. Power of the case-only and case-control tests for the analysis of all pairs of genes (scheme A). Power values are presented as a percentage for a type |
error of 1073, as a function of the odds ratio for interaction (OR)), for the case-only (dark curves) and case-control (light curves) tests with (dotted lines with
symbols) or without (solid lines without symbols) adjustment for the first three PCs. (Left) Obtained when no main gene effects are present. (Right) Results
with a main effect of the second gene (OR = 2). Note that the results with and without adjustment are very similar and the strong superimposition of the

corresponding curves.
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Fig. 2. Power of the case-only and case-control tests for the analysis of two specific pairs of genes in the absence (scheme 2G) or presence (scheme 2GS) of
population stratification. Power values are presented as in Fig. 1. Results are shown for the analysis of (A) the two nonstratified genes PKHD1L1 and AHNAK
(scheme 2G, Top) and (B) the two stratified genes ARPP21 and MACF1 (scheme 2GS, Bottom). (Left) Obtained when no main gene effects are present. (Right)
Results with a main effect (OR = 2) of the second gene, that is, AHNAK and MACF1, respectively.

separated by at least 2 Mb. For the case-only test, we used the
212 IBS + CHS samples, and we assessed 1,248 genes, in 776,879
tests (SI Appendix). Type I errors were highly inflated (0.0143 for
a =103 and 0.1264 for a = 0.05) (Table 3 and SI Appendix,
Table S5). The application of PS correction (adjustment for the
first three PCs) brought empirical type I errors back down to
levels very similar to those previously observed (0.0013 for
a = 1073 and 0.0550 for a = 0.05). For the case-control test, we
used the 412 IBS + TSI + CHS + CDX samples under an un-
balanced population scenario, with 1,173 genes (SI Appendix).
Inflated type I errors were also observed, and adjustment for PCs
resulted in values similar to those for a situation without PS
(Table 3 and SI Appendix, Table S5). Thus, provided that the
search space was limited to pairs of genes far enough apart to
avoid LD and adjustment for PCs was applied when required,
our case-only test yielded reasonable type I error rates similar to
those for the analogous case-control approach.

Kerner et al.

Power Analyses.

Average power scenario. Power studies were conducted on an en-
larged European population consisting of 1,735 individuals from
the four European 1000G populations (IBS, TSI, GBR, and
FIN) and 1,331 individuals from the in-house HGID database
(81 Appendix). We first estimated an “average” power by testing
all possible pairs of genes (scheme A, Table 4), each with at least
15% carriers and separated by at least 2 Mb. In total, 370,530
tests were performed in 10 replicates (SI Appendix). Fig. 1 dis-
plays the results obtained for scenarios including one or no main
genetic effect, corresponding to the most pertinent situations in
which to search for a gene X gene interaction. The resulting
curves adjusted or not with the first three PCs were super-
imposed, indicating that this analysis, in a European population,
was not affected by PS. In all situations, power was always
greater for the case-only test than for the case-control test. For
example, a power of 65% at a = 107> was obtained when the
odds ratio for interaction (OR;) = 5 and no main effects were
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Power

Fig. 3. Power of the case-only and case-control tests for analyzing a pair of genes with different proportions of variant carriers (scheme 2GR). Power curves
are presented as in Fig. 1. Results are shown for the analysis of one “common” (AHNAK) and one “rare” gene (MPCT) (scheme 2GR). (Left) Obtained when no
main effects are present. (Right) Results with a main effect (OR = 2) of the second gene, that is, MPC1.

considered, whereas a power of only 40% was obtained for the
corresponding case-control test in the same conditions. Similar
trends were observed when one main effect was present (Fig. 1
and SI Appendix, Fig. S5). We also assessed power in the case of
genes with smaller numbers of carriers (>1% for one gene
and >15% for the other) and for lower alpha values (10~ and
107°), in the context of no main effects and for a larger range of
OR; (ST Appendix, Fig. S6). We found that the absolute differ-
ence in power between the two tests favored the case-only test
and increased when alpha decreased or OR; increased.
Two-gene power scenarios. We then focused on two specific pairs of
genes, without (AHNAK and PKHDILI; scheme 2G, Table 4)
and with (ARPP21 and MACFI; scheme 2GS, Table 4) PS (SI
Appendix). In the analysis of scheme 2G, the case-only test
performed better, overall, in terms of power (Fig. 2 and SI Ap-
pendix, Fig. S7, Top). In the absence of main effects, with
OR;=3and a=1073, a power value of 62% was obtained for
the case-only test, vs. only 27% for the case-control test. For
scheme 2GS, the power curves adjusted or not with the first three
PCs of the case-only tests were clearly different, indicating an
effect of PS (Fig. 2 and SI Appendix, Fig. S7, Bottom). We
therefore used only the adjusted (for the first three PCs) case-
only test for comparison. As expected, the case-control test was
not affected by PS (0.0009 for a = 10~%) and had type I error
values similar to those for the adjusted case-only test (0.0011
fora = 1073). The adjusted case-only test clearly outperformed
the case-control test, by reaching a power of 90% when OR; = 5
without main effects, for example, whereas the corresponding
power for the case-control test was only 60%. Finally, we also
considered another specific pair of genes, including one “common”
(26% carriers) and one “rare” (5% carriers) gene (scheme 2GR,
Table 4). The case-only test was again more powerful than the
corresponding case-control test (Fig. 3 and SI Appendix, Fig. S8),
particularly in the absence of main effects, giving an absolute dif-
ference in power of almost 30% when OR;| = 10. Situations with a
lower cumulative frequency of rare variants and a stronger OR
might fit a Mendelian-like disorder hypothesis better and are of
particular interest concerning the application of this approach to
real data presented below.

Theoretical power of the case-only test. We used Egs. 1 and 3 to
derive theoretical power curves for the case-only test according
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to different parameters and for three nominal a values of 107,
1076, and 107%. We first assessed power as a function of the
genetic interaction effect, ORy, for two genes each having a rate
of 5% carriage of the variant and various sample sizes. For ex-
ample, an OR; ~ 16 gave a power of 80% at a = 10™* with 200
cases or at & = 107® with 400 cases (Fig. 44). Furthermore, as
suggested by our previous results, for a fixed sample size of 5,000
controls, we show that, in the same conditions, the case-control
test is less powerful than the case-only test (Fig. 4B). Results for
a fixed OR; of 10, for one gene with 5% carriers and a second
gene with 1 to 20%, are shown in SI Appendix, Fig. S9. As
expected, power strongly increased with the proportion of car-
riers, reaching 50% for a proportion of 15% with 300 cases, or
for a proportion of 8% with 400 cases. Finally, we investigated
the sample size required to reach a power of 80% as a function
of OR; for genes with 15% or 5% carriers (SI Appendix, Fig.
S$10). We observed that ~200 cases would be required to reach a
power of 80% at @ = 10~® and OR; = 10 in the case of genes with
15% carriers, or less than 400 cases at @ = 10~° and OR; = 15, in
the case of genes with 5% carriers.

Real Data Analysis: Craniosynostosis.

Background. We first applied our test to the dataset that led to the
discovery of the first case of digenic inheritance of nonsyndromic
midline craniosynostosis (MIM: 617439) (19). The original study
showed a strong enrichment in rare heterozygous SMAD6 mu-
tations predicted to be damaging among cases (13 carriers
among the 191 probands). Incomplete penetrance was observed
in relatives of the carriers. The role of the common variant
rs1884302 (MAF = 0.33 in European populations), located close
to the BMP2 gene and previously associated with craniosynos-
tosis through GWAS (21), was therefore investigated, and this
variant was found to account for almost all of the observed
phenotypic variation. Eleven of the 13 SMAD6 probands were
also carriers of 51884302, whereas none of the healthy SMAD6
carriers carried this variant. We used these data to determine
whether our unbiased case-only test could detect this digenic
association in the context of a genome-wide search
(i.e., without prior knowledge of the role of the SMADG6 and
BMP? variants).

Kerner et al.

www.manaraa.com


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920650117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920650117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920650117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920650117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920650117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920650117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920650117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920650117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920650117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920650117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920650117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1920650117

Downloaded at Palestinian Territory, occupied on November 27, 2021

A 200 Cases

Power

5 10
OR,
B 200 Cases 300 Cases
1.0

0.8

Power

300 Cases

0.8
0.6 Alpha
- 10—5
- 10--6
-4
0.4 10
0.2
0.0 -« « .
5 10 15 20 5 10 15 20

400 Cases

15 20

400 Cases

0.6
Alpha
- 10
- 10—6

4

0.4 10

) J

0.0 - . .

5 10 15 20 5 0 15 20 5 10 15 20

1
OR

Fig. 4. Theoretical power according to sample size and nominal type | error for the (A) case-only and the (B) case-control tests. Power values were calculated
for (A) the case-only test and (B) the case-control test, for type | errors of 107 (yellow curve), 10~ (blue), and 1078 (purple), and odds ratios of interactions
ranging from 1 to 20. From left to right, panels represent scenarios with 200, 300, and 400 cases, respectively. In B, a fixed number of 5,000 controls was used
for all scenarios. Prevalence was set to 107 and the percentage of carriers for both genes to 5%.

Genome-wide search. In total, 285,216 tests (83 genes and §,102
variants) were conducted on the WES data for 191 patients after
the application of quality control and other filters to the variants
and genes (SI Appendix). The resulting QQ-plot shows no devi-
ation from the expected distribution, with only one significant
result over the expected P value line (Fig. 5). This result (P =
1.58 x 107°, OR = 30.95) corresponds to the digenic combina-
tion of SMADG6 and rs1884302 and is one order of magnitude
higher than the second result (P = 1.04 x 10~°), which is close to
the expected line. The 2 x 2 contingency table for the top result
is shown in ST Appendix, Table S6, and corresponds to the dis-
tribution found in the original paper (19). Thus, the two-locus
genome-wide analysis focusing on genes harboring rare variants
together with the potential contribution of a common modifier
variant was able to detect the previously reported digenic in-
heritance for craniosynostosis (19). This analysis provides proof
of concept that our statistical test can detect digenic inheritance
without the need for biological assumptions concerning the dis-
ease studied, even when the disease is very rare.

Kerner et al.

Discussion

There is increasing evidence to suggest that digenic inheritance
plays an important role in the genetic architecture of many
conditions. The three previously reported approaches searching
for gene x gene interactions in the general context of rare variant
association studies are based on case-control designs (27-29).
Moreover, these tests were assessed in limited simulation studies
involving short genomic sequences of fewer than 500 variants
(n = 1) or only 20 variants (n = 2) and were not based on WES-
based simulated data. None was reported to have detected two
genetic lesions at the genome-wide level. Indeed, all previously
successful digenic inheritance studies relied on candidate gene
approaches to overcome the lack of appropriate statistical re-
sources to search for digenic inheritance at the genome-wide
level (17). Digenic inheritance studies and statistical interac-
tion approaches have thus been following separate paths. We
show here, through both extensive simulation studies on real WES
datasets and application to the example of craniosynostosis, that our
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Fig. 5. QQ-plot for the genome-wide case-only test conducted on the 191 craniosynostosis probands. QQ-plot for a genome-wide analysis under a dominant
mode of inheritance, adjusted for the first three PCs, and considering pairs of genes and variants at least 2 Mb apart with >5% carriers of rare variants a

world-wide frequency >10% for the variant (n = 285,216 pairs).

method is robust and powerful for the identification of digenic le-
sions at the genome-wide level. Our unbiased genetic confirmation
of the reported digenic lesions in the craniosynostosis dataset
composed only of exome data from cases, a common feature of real
datasets for rare disorders, justifies the choice of a case-only test
based on the aggregation of rare variants. Further strong support
for this approach is provided by the higher overall power for the
case-only approach than for the corresponding case-control test, as
shown here, for the same cases. Moreover, our theoretical analysis
of the case-only test showed that sample sizes of between 200 and
400 cases were sufficient to achieve substantial power in the case of
a digenic effect leading to an OR; < 10 when the proportion of
carriers is >15% for the two genes. Even for a lower proportion of
carriers (e.g., > 5% for both genes), sample sizes of between 200
and 400 cases result in a powerful case-only test for an OR; > 10,
corresponding, for example, to the studied example of craniosy-
nostosis (OR;y ~ 30).

The proposed methodology is simple to apply and flexible. It
requires only the definition of a set of variants for testing, with
filters based on features including MAF, variant annotations,
and genetic models, defined before the analysis. It can, of course,
be used at the gene level for the two loci studied. It can also
directly assess the role of common variants as potential modifiers
of a known monogenic defect. This assessment is achieved by
simply replacing the gene by the variant as the unit of analysis, as
illustrated in the craniosynostosis example. This technique
proved useful, but it can increase the number of tests, leading to
classical multiple testing issues. However, our analyses, demon-
strating the robustness of our method for low nominal type I
error values, are reassuring for the use of a low P value

19374 | www.phas.org/cgi/doi/10.1073/pnas. 1920650117

significance threshold, as determined by the widely used Bon-
ferroni correction method. Our result also provides proof of
concept that incomplete penetrance in disorders considered to
be monogenic can be explained by a unique digenic combination.
The frequency of carriers considered in our simulation studies
may appear to be too high, but two important points must be
considered when studying a rare disorder. First, these thresholds
correspond to a cumulative frequency of the variants potentially
contributing to the disease. The frequency of each individual
allele may be much lower. Second, enrichment in the true
disease-causing alleles would be expected in patients. For ex-
ample, in the craniosynostosis dataset, the cumulative frequency
of carriers of rare damaging SMADG6 mutations is 6.8% (13 of
191), whereas the maximum cumulative frequency of carriers of
these variants in gnomAD is 0.01%. The proposed case-only test
thus already appears to be a powerful and timely tool for
detecting digenic inheritance based on NGS data at the genome-
wide level in disorders that are not explained or only partly
explained by a monogenic lesion.

Data Availability. R scripts and additional information to perform
digenic analyses are available at GitHub, https://github.com/
GaspardKerner/Digenic.
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