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Abstract: Some genetic diseases (“digenic traits”) are due to the interaction between two DNA
variants, which presumably reflects biochemical interactions. For example, certain forms of Retinitis
Pigmentosa, a type of blindness, occur in the presence of two mutant variants, one each in the
ROM1 and RDS genes, while the occurrence of only one such variant results in a normal phenotype.
Detecting variant pairs underlying digenic traits by standard genetic methods is difficult and is
downright impossible when individual variants alone have minimal effects. Frequent pattern mining
(FPM) methods are known to detect patterns of items. We make use of FPM approaches to find pairs
of genotypes (from different variants) that can discriminate between cases and controls. Our method
is based on genotype patterns of length two, and permutation testing allows assigning p-values to
genotype patterns, where the null hypothesis refers to equal pattern frequencies in cases and controls.
We compare different interaction search approaches and their properties on the basis of published
datasets. Our implementation of FPM to case-control studies is freely available.
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1. Introduction

Over the years, various examples of the combined actions of two disease-causing
variants (single-nucleotide polymorphisms, SNPs) have been published (digenic inheri-
tance [1,2]). For example, certain forms of Retinitis Pigmentosa (genetic blindness) occur
in the presence of two mutant variants, one each in the ROM1 and RDS genes, while the
occurrence of only one such variant results in a normal phenotype [3]. Some of these
instances of digenic inheritance were found fortuitously. For example, in an investigation
of a large family, five members with severe insulin resistance, and no other family members,
were heterozygous at each of the two genes located on different chromosomes [4].

In statistical analysis of case-control studies, interaction has been defined as the
extent and manner in which two causes of a disease modify the strength of one another,
with different types like removable and essential interactions being distinguished [5].
A scholarly article on epistasis (gene-gene interaction), published in 2002, provided a
historical background to epistatic interaction effects and a survey of some methods of
epistasis detection [6]. More discussion from a statistical viewpoint may be found in newer
papers [7,8].

It has long been recognized that interactions among loci contribute to disease, and
strategies for searching for interactions have been discussed [9,10]. In the Methods section,
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we outline some approaches to the detection and analysis of epistatic interactions in
genetics, with particular emphasis on data mining and machine learning methods [11]. A
recent investigation of quantitative trait loci in mice significantly demonstrated multiple
epistatic interactions, while single-locus analyses were far from significant [12], and large-
scale investigations into epistatic effects on disease phenotypes are currently underway [13].
Different methods are often compared on the basis of computer-generated data that are
obtained with suitable interaction models between DNA variants and disease phenotypes.
While such data allow for power calculations, they may or may not be realistic. Here,
we take a different approach by re-analyzing several published datasets with some of the
approaches discussed here, with analysis results compared in the Results section.

2. Materials and Methods

Early-on, systematic investigations of interaction effects of two disease-causing vari-
ants were carried out by subdividing the data based on genotypes in one gene and then
analyzing the resulting two or more groups of data separately for genotypes at other genes.
For example, sibpairs affected with diabetes were subdivided into two groups depending
on whether or not the siblings shared two HLA alleles (on chromosome 6), and only the
sharing group exhibited linkage to the FGF3 gene (on chromosome 11) [14], which provided
evidence for gene—gene interaction between HLA and FGF3. The principle of subdividing
data and analyzing each portion separately has been formalized as a sequential procedure
in genome-wide association studies [15]. Rather sophisticated data mining approaches
like CART and SVM also make use of subdivisions of data [16]. Combined effects of
multiple susceptibility variants have been investigated by summing over single-locus
test statistics and treating such a sum as a single test statistic. Sums over lod scores in
linkage analysis [17] or over test statistics in case-control association analysis [18] have
been constructed, but only the latter furnish empirical significance levels associated with
results. Here, we discuss a selection of methods we consider particularly relevant for
current machine learning approaches in case-control studies.

Multifactor dimensionality reduction (MDR): In human genetics, MDR is the first
machine-learning approach for detecting gene-gene interactions and has been highly
successful in the 20 years since its inception [19-21]. It has been applied to various diseases,
e.g., breast cancer [22]. For given n variants and their interaction effects on disease, MDR
focuses on the n-dimensional array of genotypes. With 3 genotypes per variant, the
total number of genotype arrays (genotype patterns, also called diplotypes) is given by
3". Each pattern is classified as low-risk or high-risk depending on a threshold ratio
of case versus control individuals carrying that pattern so that, effectively, the analysis
problem is reduced from n dimensions to one dimension [11]. Various statistical techniques
like cross-validation are then carried out to optimize prediction accuracy of individuals
being classified as cases or controls. Resulting patterns (“models”) are ranked based on
overall balanced accuracy [23], that is, a balance between high power and low p-value. As
recommended [21], we built a permutation framework around MDR (see Supplementary
Materials) so that we can assign empirical significance levels (p-values) to each of the
best patterns (“Top Models”), where the null hypothesis is absence of association between
disease phenotype and variants [21].

Advantages of MDR include the availability of a mature and easy to use software, the
model-free approach, and that the number of interaction terms does not grow exponentially
as new variables are added [11]. On the other hand, high rates of phenocopies and
genotyping errors tend to greatly reduce power [20], but that may be true of many other
methods as well. Using multiple CPUs for parallel processing, MDR can run large numbers
of variants.

Average effects of SNPs: For n SNPs and corresponding 3" genotype patterns, an
alternative way of dimension reduction is based on the observed joint effect of SNPs as
follows [24]: For a given genotype pattern, k, define ty = (np/np — ny i/ ny)?, where np k
and ny y are respective counts of cases and controls with the genotype pattern, and np and
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ny are the respective total numbers of cases and controls in the study. The joint effect of
the n SNPs is then defined as the sum of ;. over all patterns, k=1, ..., 3". This method
incorporates main and interaction effects, and permutation testing has shown significant
results for breast cancer genes, for which marginal effects were non-significant [24]. No
software is available incorporating this method.

AprioriGWAS: This method is based on frequent pattern mining (FPM), also called
Frequent Itemset Mining (FIM) [25]. FPM originated with the Apriori algorithm [26], which
was designed to accommodate the huge and ever increasing databases obtained at cash
registers recording items (goods) purchased by consumers. The collection of items bought
by a consumer was called an itemset and each consumer represented a transaction. An
important feature of the Apriori algorithm is its ability to generate association rules, that is,
conditional probabilities (predictions) that customers tend to buy a specific item like wine
given they purchase some other items like bread and milk.

Based on the Apriori algorithm, AprioriGWAS [27] was designed to find disease-
associated variants through their interaction effects. Applied to Bipolar Disease, Apri-
oriGWAS found significant interactions among variants without significant main effects.
Developed less than ten years ago, this approach represents a new way of investigating
multi-variant association analysis. Its main advantage is its strong reliance on FIM methods
in genetic disease association studies, and it shares with MDR the ability to find epistatic
interactions in the absence of single-variant main effects. On the other hand, its focus on
testing for gene—gene interactions necessitated the development of a new “conditional
permutation” approach [27]. This publication [27] contains applications to datasets on
age-related macular degeneration (AMD) [28] and to bipolar disease in the WTCCC data
collection [29], and found respective 166 and 200 disease-associated pairs of interacting
variants. The two datasets contain 96,607 and 393,271 SNPs, respectively. Analysis of those
numbers of SNPs required huge computing resources and was carried out in a cluster of
1000 CPUs. A software package with instructions is available, although it may not be easy
to use.

This new approach seems to have spawned six other new methods, all of which quote
AproriGWAS: A step-wise approach based on Cochran-Mantel-Haenszel (CMH) statis-
tics [30], ancGWAS [31], FHSA-SED [32], GeDlI [33], Epi-GTBN [34], and EpiMOGA [35],
where the latter presents a nice, brief overview of epistasis detection methods. Two of these
new methods are discussed below, namely Stepwise CMH and Epi-GTBN.

Stepwise CMH: The Cochran-Mantel-Haenszel (CMH) test is a classical statistical
procedure for analyzing multi-way contingency tables [36]. In the Stepwise CMH ap-
proach [30], a new variant is added to an existing set of variants based on the CMH test.
To reduce the burden of dimensionality, the sum of minor allele counts (MACs) is used
to stratify data, thus effectively working along a single dimension. The method performs
forward steps, adding the most disease-associated variant, and backward steps, eliminating
the least significant variants, and terminates until no more significant variants are added.
The computational resources required seem to be lower than those for AprioriGWAS. The
Stepwise CMH method was also applied to the Bipolar Disease WTCCC dataset [29] and
resulted in a set of 16 disease-associated SNPs, one of which, rs11984645, was also found to
be highly significant by AprioriGWAS in the same dataset. Software for the Stepwise CMH
method is available as R code [30] (http://bibs.snu.ac.kr/software/stepCMH/ (accessed
on 28 July 2021)).

Epi-GTBN: Like many other approaches, Epi-GTBN [34] employs a Bayesian network,
that is, a probabilistic model to represent actions and interactions among variants and phe-
notypes. To optimize network parameters and minimize the chance for local optimization,
a special form of a genetic algorithm is applied to iteratively optimize model parameters.
In addition to computer-generated datasets, authors also analyzed a well-known dataset
on AMD [28], which has been investigated by various other researchers. For analysis by
Epi-GTBN, to reduce the computational burden, only the 1039 SNPs with smallest p-value
(p < 0.01) out of the original 103,611 SNPs were retained (the corresponding statement
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in [34] must be an error). Results obtained by Epi-GTBN and comparisons with other
methods are shown below.

GPM: Genotype pattern mining (GPM) represents a modification of AprioriGWAS
with a simpler structure and more straightforward theoretical basis. The aim here is not to
detect epistasis but to test for frequency differences of genotype patterns between cases
and controls. As is well-known, variants in close proximity to recessive or dominant traits
tend to be more homozygous [37] or heterozygous [38], respectively, than when they are
elsewhere in the genome, which is the basis for genetic association mapping. Here, we
extend this notion from variants to variant pairs, specifically, from genotypes to genotype
pairs (patterns), where genotypes are labeled 1, 2, and 3 for AA, AB, and BB, respectively.

For given two variants at different genomic locations, consider a specific genotype
pattern, for example, X = (2, 3), that is, the genotype is 2 = AB at variant 1, and 3 = BB
at variant 2. For each variant, we set up a 2 x 2 table with rows corresponding to cases
and controls, and columns for “X present” and “X absent” (Table S1 in Supplementary
Materials). We compute a suitable statistic (the likelihood ratio chi-square) to test the
null hypothesis of no association between phenotype and genotype pattern. For case-
control data genotyped at a number of variants (SNPs), we employ a general-purpose FIM
algorithm, fpgrowth [39,40], as our core engine and ask it to find all two-locus genotype
patterns with minimum values for support (pattern frequency in the data) and confidence
(proportion of cases with the pattern) [26].

For each of the potentially large number of detected digenic genotype patterns in
cases and controls, we compute chi-square as a measure for the discrepancy in pattern
frequency between cases and controls. To address the multiple testing problem inherent
in this approach, we implemented a straight permutation framework to obtain a p-value
for any genotype pattern, corrected for multiple testing. For reasons outlined below, we
focus on patterns of length two, that is, pairs of genotypes from any two variants. In
contrast to MDR, which focuses on 3 x 3 contingency tables of genotypes for two SNPs,
our unit of observation is the genotype pattern, of which there are 3 x 3 =9 for a pair
of SNPs. In such a table, the 9 genotype patterns represent 8 df (degrees of freedom),
which may be partitioned into 2 df for main effects in cases and controls each, and 4 df for
interaction/heterogeneity effects (software available).

The starting point for a GPM analysis is a dataset in standard plink format [41,42],
and a utility program transforms the data into a format so that GPM recognizes each
genotype and phenotype as a separate item. A software package is freely available
(https:/ /lab.rockefeller.edu/ott/programs (accessed on 28 July 2021)) for Windows, with
a Linux version being in preparation.

3. Results

Here, we present results obtained by GPM and some of the other programs discussed
above, notably MDR, as this is the most well-known epistasis analysis method in human
genetics. As mentioned above, we perform these comparisons on the basis of published
datasets rather than theoretical, computer-generated data. Detailed program parameters
used for GPM and MDR are provided in Supplementary Materials.

3.1. AMD Dataset

This dataset [28] contained 96 cases with age-related macular degeneration (AMD)
and 50 controls, each genotyped for 103,611 SNPs. As this number was too high for analysis
by GPM, we selected the 2000 SNPs with largest chi-square in the association trend test.
MDR requires fully genotyped data, so we further removed 621 variants with missing
genotypes for analysis by MDR.

Guo et al. [34] listed 171 two-variant patterns (pairs of SNPs) obtained by the Epi-
GTBN Bayesian method, based on the best 1039 SNPs in this dataset (see above). On the
other hand, AprioriGWAS [27] reported 166 highly significant variant patterns. Among
these two lists of patterns, 17 patterns were shared. This high overlap is a testament to
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the efficacy of both methods. However, the two lists also contained variants with strong
main effects. Of the two significant SNPs in the original AMD study [28], rs380390 and
rs10272438, the former occurred in both lists and the latter was picked up only by Epi-
GTBN. Therefore, these methods have tendencies to find SNPs with strong main effects
while interacting with other SNPs.

Comparing Epi-GTBN with MDR, the latter found 102 variant pairs with p < 0.05.
The two datasets shared 15 variants, which is comparable to the sharing between Epi-
GTBN and AprioriGWAS. Regarding rs380390, the most significant SNP in the original
AMD study [28], the variant lists furnished by Epi-GTBN and MDR contained respective
104 (61%) versus 82 (80%) variant pairs containing that SNP. Clearly, these “epistasis-
detecting” methods are strongly influenced by variants with main effects.

The three methods compared above focus on variants and their interactions, while
GPM works with patterns of genotypes rather than variants. It found 132 genotype
patterns with p < 0.05, support > 35, and confidence > 90%. Of these patterns, only
70 (53%) contained a genotype in the rs380390 variant, which compares favorably with
the two methods above. Next, we compared the SNP pairs, in which the genotype pairs
identified by GPM occur, with those SNP pairs identified by MD. Surprisingly, there was
no overlap between the two sets of SNP pairs. Turning to individual variants, disregarding
their occurrence in pairs, the GPM and MDR lists contained 139 and 130 unique SNPs,
respectively. Eleven SNPs are shared between the two sets of SNPs. Finally, comparing
variant pairs identified by Epi-GTBN with those containing the genotype patterns identified
by GPM, eight variant pairs were shared between the two sets, still a relatively high number
given that Epi-GTBN and GPM are based on very different methodologies.

3.2. Opioid Dataset

Some of us previously investigated involvement of eight genes in the opioid system
(OPRD1, OPRK1, OPRL1, OPRM1, PDYN, PENK, PNOC, and POMC) and their potential ef-
fects on substance abuse [43]. Specifically, we analyzed 82 variants genotyped in 143 opioid-
dependent patients in methadone maintenance treatment and 153 healthy controls.

Applying our new GPM method, searching for genotype patterns with a minimum of
5 occurrences (support) in the data, and a minimum proportion (confidence) of 80% of cases
among carriers of the pattern, we found only one significant pattern, that is, genotypes (2, 2)
(both heterozygotes) in variants rs1918760 on chromosome 1 and rs6136667 on chromosome
20, p = 0.022, with observed support and confidence of 14 and 100%, respectively. For
an analysis with MDR, missing genotypes had to be eliminated, which can be done by
removing offending variants (with parameter —geno 0 in plink) or offending individuals
(-mind 0). With the former solution, rs6136667 and 18 other variables were lost, and the
latter solution reduced the number of cases and controls by six each. Neither of these
reduced datasets furnished significant results with MDR (p > 0.78) while the dataset with
lower numbers of individuals retained its significance (p = 0.030) when analyzed by GPM.

To see what might be so special about that single significant genotype pattern, we
set up a 2 x 9 contingency table with rows corresponding to the two phenotypes, cases
and controls, and the columns representing the 3 x 3 pairwise genotypes at the two
variants, rs1918760 and rs6136667. When the resulting 8 df are partitioned into main and
interaction effects, the latter are seen to be most significant (Table 1). In the display of
3 x 3 genotype tables for cases and controls each (Table 2), we see that the (2, 2) genotype
pattern (heterozygous at each of the two variants) occurs in 14 cases but is completely absent
in controls. Evidently, it is this single genotype pattern that separates cases and controls.
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Table 1. Partitioning of chi-square for the two genotypes in the most significant genotype pattern for
the Opioid dataset. The interaction effect is more significant (smallest p-value) than either of the two
main effects.

Source Chi-Square df 4
151918760 main 2.329 2 0.3121
rs6136667 main 7.388 2 0.0249

interaction 12.592 4 0.0135
Total table 22.309 8 0.0002

Table 2. Bivariate distribution of genotypes in the best genotype pattern for the Opioid dataset,
separately for cases and controls. As shown in bold, the unique difference between cases and controls
is the presence of pattern (2,2) in cases and its complete absence controls. The numbers of the other
eight genotype patterns look comparable in cases and controls, so the effect of the (2,2) pattern could
be “diluted” when contingency tables rather than genotype patterns are compared between cases
and controls.

15136667 Genotypes
151918760 Genotypes 1 2 3
Cases
1 0 1 4
2 1 14 39
3 1 16 65
Controls
1 0 1 4
2 1 0 45
3 1 15 86

3.3. Schizophrenia Dataset

For a small pilot study on schizophrenia, 14 cases and 23 controls had been collected
in an isolated village in Sardinia, Italy [44]. Individuals were ascertained to be distantly
related yet with no common ancestors for at least the past four generations. A total of
255,053 SNPs were available for analysis, after quality control. In single-variant association
tests, no variant showed significant disease association after correction for multiple testing.

To allow for processing by GPM and MDR, based on the trend genetic association
test, the best 2000 SNPs were selected for digenic analyses. To accommodate MDR’s
requirement of no missing genotypes, 134 variants had to be deleted. Both approaches
furnished more than 500 significant variant pairs, p < 0.05. With p < 0.01, GPM (minimum
s =12, ¢ = 80%) and MDR found 970 and 19 variant pairs, respectively. Five variant pairs
are shared between the two resulting lists. The most interesting genotype pattern found
by GPM, also identified as the top variant pair by MDR, is (3,3) (two homozygotes for the
common alleles) in variants rs2300161 on chromosome 1 and rs7575062 on chromosome
2; the former is in intron 2 of the PTGER3 gene, and the latter resides in a region with
regulatory elements (http:/ /rv.psych.ac.cn/variant.do?variant=rs7575062 (accessed on 28
July 2021)). This genotype pattern occurs only in schizophrenics and in none of the controls,
that is, it perfectly separates cases from controls. As this was a very small study, further
work is required to see whether this finding holds up in larger samples.

4. Discussion

As MDR is arguably the most well-known epistasis detection method, we mostly
compare our new GPM method with MDR. Both approaches have in common the fact that
they can find interacting variants (genotypes in the case of GPM) without resorting to single-
variant effects. However, they evidently apply rather different criteria for ranking pairs of
variants and genotypes. MDR focuses on 3 x 3 genotype tables, while in the GPM approach,
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individual pairs of genotypes (of which there are nine per pair of variants) are the unit of
observation. Consequently, as seen in the Methods section, results can be rather different.
Statistically, MDR focuses on prediction by maximizing its ability to classify individuals into
cases and controls, while GPM focuses on statistical significance. We have the well-known
conundrum that significant variables are not necessarily good predictors [45], and good
predictors might not be significant. Ideally, we want good predictors that are significant
so they are not likely to be due to chance, which is why we incorporated MDR into a
permutation framework that can judge each variant pattern found.

Our implementation of basic permutation testing [46] will result in proper estimates
of empirical significance levels. While genotype or variant patterns are not independent,
individuals and their phenotypes are, so randomly permuting individual phenotypes will
create proper null samples with no association between phenotypes and genotypes (null
hypothesis, Hp). To some degree, p-values depend on program parameters, so searching for
small p-values by changing parameter values will no longer guarantee a proper significance
level, but this situation occurs in many applications of statistical principles. For the limited
number of distinct chi-square values obtained from our 2 x 2 tables of phenotype versus
presence and absence of a pattern, considerable improvements over classical permutation
testing have been made [47] but are not discussed here further.

Some authors advocate searching for higher-order interactions by considering more
than two variants at a time, judging approaches based on pairs of variants as being
“of limited utility” [35]. While higher-order interactions may well be able to provide
insights unavailable on the basis of two-SNP interactions, such analyses may require highly
increased sample sizes. Here, we show a telling example demonstrating that p-values can
be dramatically increased in the search for higher-order interactions, when sample sizes
are kept constant. In our opioid dataset discussed above, with minimum support and
confidence of 14 and 80%, respectively, searching for genotype patterns of length 2, GPM
found the genotype pattern (2, 2) in variants rs1918760 (chromosome 6) and rs6136667
(chromosome 20) as the best of all 36 identified patterns, with p = 0.019. If instead we search
for patterns or lengths 2 or 3, GPM finds a total of 4062 patterns, 36 of which are of length 2.
The best of these two-variant patterns is the same as the one found in the search of patterns
of length 2, but now the associated significance level is 0.419, and the best pattern of length
3 also occurs with p = 0.419. The increase from p = 0.019 to 0.419 may be explained by the
greatly enlarged statistical sample space, which opens up many more opportunities for
random findings. Presumably, a greatly increased sample size would be needed to find
significant results for patterns of lengths 2 or 3 if indeed some of these are real. Thus, it
seems preferable to confine searches to patterns of length 2 and to suitably combine these
to find longer “chains” of interconnected variants.

Currently, GPM is designed to work on qualitative traits. The simplest extension to
allowing for quantitative traits would be to dichotomize them or, better yet, to focus on the
extreme ends of quantitative trait distributions. Such a design tends to be very powerful [48]
and can be accommodated with the current program version. A well-known approach
to detecting variants interacting on quantitative traits is the combinatorial partitioning
method (CPM) [49]. At this time, we have no immediate plans to extend our method to
quantitative traits but may consider this in the future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ genes12081160/s1, Table S1: Parametrization of the four types of observations in GPM analysis;
technical details of our implementation of MDR and GPM.

Author Contributions: Conceptualization, A.O. and J.O.; methodology, Q.Z. and J.O.; software, ].O.;
formal analysis, S.H. and M.R.; resources, M.R. and J.O.; writing, ].O. and A.O.; funding acquisition,
A.O. and Q.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Japan Society for the Promotion of Science (JSPS) KAK-
ENHI [grant number 20K08497 to A.O.], and by a Discovery Grant from the Natural Sciences and
Engineering Research Council of Canada [grant number RGPIN-2018-05147 to Q.Z.].


https://www.mdpi.com/article/10.3390/genes12081160/s1
https://www.mdpi.com/article/10.3390/genes12081160/s1

Genes 2021, 12, 1160 80f9

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The fpgrowth program is available from the website, https:/ /borgelt.net/
software.html (accessed on 28 July 2021). The GPM program is available at https:/ /lab.rockefeller.edu/
ott/ (accessed on 28 July 2021). MDR was downloaded from https:/ /sourceforge.net/projects/mdr/
(accessed on 28 July 2021). AprioriGWAS is available at https://github.com/Qingrun/AprioriGWAS
(accessed on 28 July 2021).

Acknowledgments: We thank Michael Kessler for pointing out reference [13] to us.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Deltas, C. Digenic inheritance and genetic modifiers. Clin. Genet. 2018, 93, 429-438. [CrossRef]

2. Schaffer, A.A. Digenic inheritance in medical genetics. ]. Med. Genet. 2013, 50, 641-652. [CrossRef]

3. Ming, J.E.; Muenke, M. Multiple hits during early embryonic development: Digenic diseases and holoprosencephaly. Am. . Hum.
Genet. 2002, 71, 1017-1032. [CrossRef] [PubMed]

4. Savage, D.B.; Agostini, M.; Barroso, I.; Gurnell, M.; Luan, J.; Meirhaeghe, A.; Harding, A.H.; Ihrke, G.; Rajanayagam, O.;
Soos, M.A; et al. Digenic inheritance of severe insulin resistance in a human pedigree. Nat. Genet. 2002, 31, 379-384. [CrossRef]
[PubMed]

5. Breslow, N.E,; Day, N.E. The Analysis of Case-Control Studies; International Agency of Cancer Research: Lyon, France, 1980; Volume
1, p. 350.

6.  Cordell, H.]. Epistasis: What it means, what it doesn’t mean, and statistical methods to detect it in humans. Hum. Mol. Genet.
2002, 11, 2463-2468. [CrossRef]

7. Wang, X,; Elston, R.C.; Zhu, X. Statistical interaction in human genetics: How should we model it if we are looking for biological
interaction? Nat. Rev. Genet. 2010, 12, 74. [CrossRef]

8. Wang, X; Elston, R.C.; Zhu, X. The meaning of interaction. Hum. Hered. 2010, 70, 269-277. [CrossRef]

9.  Marchini, J.; Donnelly, P.; Cardon, L.R. Genome-wide strategies for detecting multiple loci that influence complex diseases. Nat.
Genet. 2005, 37, 413-417. [CrossRef] [PubMed]

10. Cordell, H]. Detecting gene-gene interactions that underlie human diseases. Nat. Rev. Genet. 2009, 10, 392-404. [CrossRef]

11.  Upstill-Goddard, R.; Eccles, D.; Fliege, J.; Collins, A. Machine learning approaches for the discovery of gene-gene interactions in
disease data. Brief. Bioinform. 2013, 14, 251-260. [CrossRef] [PubMed]

12.  Miller, AK,; Chen, A.; Bartlett, J.; Wang, L.; Williams, S.M.; Buchner, D.A. A Novel Mapping Strategy Utilizing Mouse
Chromosome Substitution Strains Identifies Multiple Epistatic Interactions That Regulate Complex Traits. G3 Genes Genomes
Genet. 2020, 10, 4553-4563. [CrossRef] [PubMed]

13. Chatelain, C.; Lessard, S.; Thuillier, V.; Carliez, C.; Rajpal, D.; Augé, F. Atlas of epistasis. medRxiv 2021. [CrossRef]

14. Hashimoto, L.; Habita, C.; Beressi, ].P.; Delepine, M.; Besse, C.; Cambon-Thomsen, A.; Deschamps, L; Rotter, ].I.; Djoulah, S.;
James, ML.R.; et al. Genetic mapping of a susceptibility locus for insulin-dependent diabetes mellitus on chromosome 11q. Nature
1994, 371, 161-164. [CrossRef]

15. Wang, G; Yang, Y.; Ott, ]. Genome-wide conditional search for epistatic disease-predisposing variants in human association
studies. Hum. Hered. 2010, 70, 34-41. [CrossRef] [PubMed]

16.  Wu, X,; Kumar, V.; Quinlan, J.R.; Ghosh, |.; Yang, Q.; Motoda, H.; McLachlan, G.J.; Ng, A.; Liu, B.; Yu, PS.; et al. Top 10 algorithms
in data mining. Knowl. Inf. Syst. 2008, 14, 1-37. [CrossRef]

17.  MacLean, C.J.; Sham, P.C; Kendler, K.S. Joint linkage of multiple loci for a complex disorder. Am. J. Hum. Genet. 1993, 53, 353-366.

18. Hoh, J.; Wille, A ; Ott, J. Trimming, weighting, and grouping SNPs in human case-control association studies. Genome Res. 2001,
11,2115-2119. [CrossRef]

19. Moore, ].H.; Hahn, L.W. A cellular automata approach to detecting interactions among single-nucleotide polymorphisms in
complex multifactorial diseases. Biocomputing 2002, 53—-64. [CrossRef]

20. Ritchie, M.D.; Hahn, L.W.; Moore, ].H. Power of multifactor dimensionality reduction for detecting gene-gene interactions in the
presence of genotyping error, missing data, phenocopy, and genetic heterogeneity. Genet. Epidemiol. 2003, 24, 150-157. [CrossRef]
[PubMed]

21. Moore, ].H.; Andrews, P.C. Epistasis Analysis Using Multifactor Dimensionality Reduction. In Epistasis: Methods and Protocols;
Moore, ].H., Williams, S.M., Eds.; Springer: New York, NY, USA, 2015; pp. 301-314.

22. Ritchie, M.D.; Hahn, L.W,; Roodi, N.; Bailey, L.R.; Dupont, W.D.; Parl, EF.; Moore, ].H. Multifactor-dimensionality reduction

reveals high-order interactions among estrogen-metabolism genes in sporadic breast cancer. Am. |. Hum. Genet. 2001, 69, 138-147.
[CrossRef] [PubMed]


https://borgelt.net/software.html
https://borgelt.net/software.html
https://lab.rockefeller.edu/ott/
https://lab.rockefeller.edu/ott/
https://sourceforge.net/projects/mdr/
https://github.com/Qingrun/AprioriGWAS
http://doi.org/10.1111/cge.13150
http://doi.org/10.1136/jmedgenet-2013-101713
http://doi.org/10.1086/344412
http://www.ncbi.nlm.nih.gov/pubmed/12395298
http://doi.org/10.1038/ng926
http://www.ncbi.nlm.nih.gov/pubmed/12118251
http://doi.org/10.1093/hmg/11.20.2463
http://doi.org/10.1038/nrg2579-c2
http://doi.org/10.1159/000321967
http://doi.org/10.1038/ng1537
http://www.ncbi.nlm.nih.gov/pubmed/15793588
http://doi.org/10.1038/nrg2579
http://doi.org/10.1093/bib/bbs024
http://www.ncbi.nlm.nih.gov/pubmed/22611119
http://doi.org/10.1534/g3.120.401824
http://www.ncbi.nlm.nih.gov/pubmed/33023974
http://doi.org/10.1101/2021.03.17.21253794
http://doi.org/10.1038/371161a0
http://doi.org/10.1159/000293722
http://www.ncbi.nlm.nih.gov/pubmed/20413980
http://doi.org/10.1007/s10115-007-0114-2
http://doi.org/10.1101/gr.204001
http://doi.org/10.1142/9789812799623_0006
http://doi.org/10.1002/gepi.10218
http://www.ncbi.nlm.nih.gov/pubmed/12548676
http://doi.org/10.1086/321276
http://www.ncbi.nlm.nih.gov/pubmed/11404819

Genes 2021, 12, 1160 90f9

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

Winham, S.J.; Motsinger-Reif, A.A. An R package implementation of multifactor dimensionality reduction. BioData Min. 2011,
4,24. [CrossRef]

Lo, S.H.; Chernoff, H.; Cong, L.; Ding, Y.; Zheng, T. Discovering interactions among BRCA1 and other candidate genes associated
with sporadic breast cancer. Proc. Natl. Acad. Sci. USA 2008, 105, 12387-12392. [CrossRef]

Borgelt, C. Frequent item set mining. WIREs Data Min. Knowl. Discov. 2012, 2, 437-456. [CrossRef]

Agrawal, R.; Srikant, R. Fast algorithms for mining association rules. In Proceedings of the 20th VLCB Conference, Santiago,
Chile, 12-15 September 1994; pp. 487-499.

Zhang, Q.; Long, Q.; Ott, J. AprioriGWAS, a new pattern mining strategy for detecting genetic variants associated with disease
through interaction effects. PLoS Comput. Biol. 2014, 10, €1003627. [CrossRef] [PubMed]

Klein, R.J.; Zeiss, C.; Chew, E.Y.; Tsai, ].Y.; Sackler, R.S.; Haynes, C.; Henning, A.K.; SanGiovanni, ].P.; Mane, S.M.; Mayne, S.T.; et al.
Complement factor H polymorphism in age-related macular degeneration. Science 2005, 308, 385-389. [CrossRef]

Burton, PR.; Clayton, D.G.; Cardon, L.R.; Craddock, N.; Deloukas, P.; Duncanson, A.; Kwiatkowski, D.P.; McCarthy, M.I;
Ouwehand, W.H.; Samani, N.J.; et al. Genome-wide association study of 14,000 cases of seven common diseases and 3000 shared
controls. Nature 2007, 447, 661-678. [CrossRef]

Huh, I; Kwon, M.S,; Park, T. An Efficient Stepwise Statistical Test to Identify Multiple Linked Human Genetic Variants Associated
with Specific Phenotypic Traits. PLoS ONE 2015, 10, e0138700. [CrossRef]

Chimusa, E.R.; Mbiyavanga, M.; Mazandu, G.K.; Mulder, N.J. ancGWAS: A post genome-wide association study method
for interaction, pathway and ancestry analysis in homogeneous and admixed populations. Bioinformatics 2015, 32, 549-556.
[CrossRef]

Tuo, S.; Zhang, J.; Yuan, X.; Zhang, Y.; Liu, Z. FHSA-SED: Two-Locus Model Detection for Genome-Wide Association Study with
Harmony Search Algorithm. PLoS ONE 2016, 11, e0150669. [CrossRef]

Woo, HJ.; Yu, C.; Kumar, K.; Gold, B.; Reifman, J. Genotype distribution-based inference of collective effects in genome-wide
association studies: Insights to age-related macular degeneration disease mechanism. BMC Genom. 2016, 17, 695. [CrossRef]
Guo, Y.;; Zhong, Z.; Yang, C.; Hu, J; Jiang, Y.; Liang, Z.; Gao, H.; Liu, J. Epi-GTBN: An approach of epistasis mining based on
genetic Tabu algorithm and Bayesian network. BMC Bioinform. 2019, 20, 444. [CrossRef] [PubMed]

Chen, Y.; Xu, E,; Pian, C.; Xu, M.; Kong, L.; Fang, J.; Li, Z.; Zhang, L. EpiMOGA: An Epistasis Detection Method Based on a
Multi-Objective Genetic Algorithm. Genes 2021, 12, 191. [CrossRef] [PubMed]

Agresti, A. Categorical Data Analysis, 2nd ed.; Wiley-Interscience: New York, NY, USA, 2002.

Lander, E.S.; Botstein, D. Homozygosity mapping: A way to map human recessive traits with the DNA of inbred children. Science
1987, 236, 1567-1570. [CrossRef] [PubMed]

Imai-Okazaki, A.; Li, Y.; Horpaopan, S.; Riazalhosseini, Y.; Garshasbi, M.; Mosse, Y.P.; Zhang, D.; Schrauwen, I.; Sharma, A.;
Fann, C.S.J.; et al. Heterozygosity mapping for human dominant trait variants. Hum. Mutat. 2019, 40, 996-1004. [CrossRef]
Borgelt, C. An implementation of the FP-growth algorithm. In Proceedings of the 1st International Workshop on Open Source
Data Mining: Frequent Pattern Mining Implementations, Chicago, IL, USA, 21 August 2005; pp. 1-5.

Nasreen, S.; Azam, M.A.; Shehzad, K.; Naeem, U.; Ghazanfar, M. A. Frequent Pattern Mining Algorithms for Finding Associated
Frequent Patterns for Data Streams: A Survey. Procedia Comput. Sci. 2014, 37, 109-116. [CrossRef]

Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.; Bender, D.; Maller, J.; Sklar, P.; de Bakker, P.I; Daly, M.J.; et al.
PLINK: A tool set for whole-genome association and population-based linkage analyses. Am. J. Hum. Genet. 2007, 81, 559-575.
[CrossRef] [PubMed]

Chang, C.C.; Chow, C.C.; Tellier, L.C.; Vattikuti, S.; Purcell, S.M.; Lee, ].]. Second-generation PLINK: Rising to the challenge of
larger and richer datasets. Gigascience 2015, 4, 7. [CrossRef]

Randesi, M.; van den Brink, W.; Levran, O.; Blanken, P.; Butelman, E.R.; Yuferov, V.; da Rosa, ].C.; Ott, J.; van Ree, ].M.; Kreek, M.].
Variants of opioid system genes are associated with non-dependent opioid use and heroin dependence. Drug Alcohol. Depend.
2016, 168, 164-169. [CrossRef]

Ott, J.; Macciardi, F; Shen, Y.; Carta, M.G.; Murru, A.; Triunfo, R.; Robledo, R.; Rinaldi, A.; Contu, L.; Siniscalco, M. Pilot Study on
Schizophrenia in Sardinia. Hum. Hered. 2010, 70, 92-96. [CrossRef]

Lo, A.; Chernoff, H.; Zheng, T.; Lo, S.H. Why significant variables aren’t automatically good predictors. Proc. Natl. Acad. Sci. USA
2015, 112, 13892-13897. [CrossRef]

Manly, B.EJ. Randomization, Bootstrap, and Monte Carlo Methods in Biology, 3rd ed.; Chapman & Hall/CRC: Boca Raton, FL, USA,
2007; p. 480.

Llinares-Lopez, F.; Sugiyama, M.; Papaxanthos, L.; Borgwardt, K. Fast and Memory-Efficient Significant Pattern Mining via
Permutation Testing. In Proceedings of the 21th ACM SIGKDD International Conference on Knowledge Discovery and Data
Mining, Sydney, NSW, Australia, 10-13 August 2015; pp. 725-734.

Risch, N.J. Searching for genetic determinants in the new millennium. Nature 2000, 405, 847-856. [CrossRef] [PubMed]

Nelson, M.R.; Kardia, S.L.; Ferrell, R.E.; Sing, C.E. A combinatorial partitioning method to identify multilocus genotypic partitions
that predict quantitative trait variation. Genome Res. 2001, 11, 458-470. [CrossRef] [PubMed]


http://doi.org/10.1186/1756-0381-4-24
http://doi.org/10.1073/pnas.0805242105
http://doi.org/10.1002/widm.1074
http://doi.org/10.1371/journal.pcbi.1003627
http://www.ncbi.nlm.nih.gov/pubmed/24901472
http://doi.org/10.1126/science.1109557
http://doi.org/10.1038/nature05911
http://doi.org/10.1371/journal.pone.0138700
http://doi.org/10.1093/bioinformatics/btv619
http://doi.org/10.1371/journal.pone.0150669
http://doi.org/10.1186/s12864-016-2871-3
http://doi.org/10.1186/s12859-019-3022-z
http://www.ncbi.nlm.nih.gov/pubmed/31455207
http://doi.org/10.3390/genes12020191
http://www.ncbi.nlm.nih.gov/pubmed/33525573
http://doi.org/10.1126/science.2884728
http://www.ncbi.nlm.nih.gov/pubmed/2884728
http://doi.org/10.1002/humu.23765
http://doi.org/10.1016/j.procs.2014.08.019
http://doi.org/10.1086/519795
http://www.ncbi.nlm.nih.gov/pubmed/17701901
http://doi.org/10.1186/s13742-015-0047-8
http://doi.org/10.1016/j.drugalcdep.2016.08.634
http://doi.org/10.1159/000313844
http://doi.org/10.1073/pnas.1518285112
http://doi.org/10.1038/35015718
http://www.ncbi.nlm.nih.gov/pubmed/10866211
http://doi.org/10.1101/gr.172901
http://www.ncbi.nlm.nih.gov/pubmed/11230170

	Introduction 
	Materials and Methods 
	Results 
	AMD Dataset 
	Opioid Dataset 
	Schizophrenia Dataset 

	Discussion 
	References

