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Machine learning approaches to explore digenic inheritance

Atsuko Okazaki and Jurg Ott

Some rare genetic disorders, such as retinitis pigmentosa or Alport syndrome, are caused by the co-inheritance of
DNA variants at two different genetic loci (digenic inheritance). To capture the effects of these disease-causing
variants and their possible interactive effects, various statistical methods have been developed in human genetics.
Analogous developments have taken place in the field of machine learning, particularly for the field that is now
called Big Data. In the past, these two areas have grown independently and have started to converge only in recent
years. We discuss an overview of each of the two fields, paying special attention to machine learning methods for
uncovering the combined effects of pairs of variants on human disease.

Beyond Mendelian genetics

For heritable traits, classical human genetic approaches have investigated one DNA variant at a time for linkage or
association with disease, which has been very fruitful for Mendelian traits, that is, heritable diseases that are due to
a single variant. Powerful genome sequencing technologies, such as exome sequencing and whole-genome
sequencing, have enabled us to identify many novel genes in Mendelian diseases caused by changes in a single
gene or locus. However, several large-scale genetic cohorts revealed that more than half of the rare genetic disease
patients are yet to be diagnosed. One of the underlying mechanisms for rare genetic diseases are digenic or
oligogenic inheritances, where interaction of two or more genes are observed. Digenic inheritance is the simplest
form among such inheritances and has been identified in some rare genetic diseases, seemingly in a Mendelian
fashion. Many efforts have been made to identify novel digenic inheritances in genetic rare diseases. One of the
accomplishments of such efforts is a novel database providing detailed information on genes and genetic variants
seen in digenic diseases. Using the database, a study succeeded in identifying digenic disease genes via machine
learning. Other than using databases, it is still important to apply suitable methods for identifying novel interactions
between variants. To deal with large numbers of variants obtained from genome sequencing analyses, statistical
and machine learning methods have been developed and will be discussed in subsequent sections. Here, we mainly
discuss machine learning approaches from a user’s perspective for the detection of pairs of variants underlying
digenic traits. Combining disease association effects over multiple variants in human genetics, various specialized
ways have been developed to combine information on disease association over multiple DNA variants, which we will
briefly discuss here before embarking on the main topic of our outline. With genome-wide sequencing, analysts are
faced with 100 000s if not millions of variants available for analysis, for example, case-control association analysis.
One approach known as the collapsing method assigns an index variable K to each individual, where K = 1 if the
individual carries a (rare) minor allele at any of the variants in a given gene and K = 0 otherwise. Thus, analysis
proceeds at the level of genes rather than variants, where the latter far outnumber the former. While such
approaches appear to be economical, the effect of a single disease-associated variant or genotype might be diluted
by non-associated variants in the same gene. A telling example of such a situation in opioid dependency
demonstrated a significant pair of genotypes, but that effect vanished in an analysis based on variants rather than
genotypes. A collapsing method was recently applied in a large study on epilepsy. Collapsing methods have also
been extended to work with two genes at a time for analysis of digenic traits. So-called complex traits are under the
influence of a large number of genes, with schizophrenia being a prime example. A common approach for such
traits is to compute for each individual a polygenic risk score, that is, the sum of risk allele frequencies over all
SNPs; or the risk allele frequency may be replaced by the number of risk alleles (minor alleles). This approach has
been fruitful in traits like Alzheimer’s disease and other complex traits and can at least demonstrate genetic effects,
but there is still the task of pinpointing which of the potentially large numbers of SNPs are disease-causing. More
and more traits emerge as being digenic, that is, determined by two variants; for example, severe
immunodeficiency and autoimmunity, non-syndromic hearing impairment, Noonan syndrome, cancer, and familial
hypercholesterolemia. In fact, as we outline later, digenic traits may be more common than monogenic traits. While
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many digenic traits have been found in a fortuitous manner, a systemic search may be attempted by an exhaustive
enumeration of all pairs of genotypes. Such analyses have been carried out for psoriasis and schizophrenia, but
these authors had to restrict attention to biologically interpretable variants. However, investigating all pairs of
genes is certainly possible. More sophisticated approaches are afforded by machine learning methods, as outlined
next.

Machine learning

Machine learning refers to algorithms in artificial intelligence (Al) that ‘learn’ patterns in data, gradually improving
the accuracy of classifications or predictions. Six machine learning methods (stochastic gradient boosting, random
forest, neural network (NN), support vector machines, adaptive gradient boosting, and elastic-net penalized logistic
regression) have recently applied to predict clinical improvement in 442 patients after an invasive procedure in
sports medicine. The method listed last showed the best performance. Also, the relative performances of several
data mining approaches have been compared for predicting coronary artery disease and cancer. Most recently, a
random forest approach has been developed for identifying candidate digenic disease gene pairs based on
biological networks, evolutionary history, and functional annotations. Useful overviews of data mining algorithms
have been published. In classical statistical analysis, the number of observations should be a multiple of the number
of variables. Nowadays, however, the situation is often reversed. For example, the number of DNA variants tends to
greatly exceed the number of individuals, a situation known as the curse of dimensionality. While classical
approaches like stepwise multiple regression can cope with this situation to some degree, modern machine learning
methods do this in a much more sophisticated manner, by iteratively improving successive solutions to a prediction
or classification problem. Artificial NNs Among the earliest examples of Al are artificial NNs, first proposed some 80
years ago. An early application of NNs to genetic data, published 25 years ago, worked with 367 variants and an
artificial quantitative trait presented at Genetic Analysis Workshop 10. Today’s NNs consist of many layers of
‘neurons’, hence the term deep learning. NNs are used in many areas of human genetics, for example, to perform
cancer type classification and gene identification. Next, we focus on methods in human genetics for the genetic
mapping of deleterious variants underlying digenic traits.

Multifactor dimensionality reduction (MDR)

First published 20 years ago, the MDR method carries out an exhaustive evaluation of all possible pairs of variants
and then ranks variant pairs by balanced accuracy, that is, a compromise between high power and low P value. For
the best pair, MDR can compute an empirical significance level by permutation analysis. MDR has been successfully
applied to a large number of diseases and is being used to this day, for example, in an investigation of gene- gene
interactions on chronic obstructive pulmonary disease.

MpeanepeBoayecKnin aHaan3 NMPakTUYECKOro MaTepmnana nccaegoBaHus.

1. C60p BHELLUHUX CBEAEHUN O TEKCTE.

ABTOpbI - Auyko Okaasaku n KOpr OTT

Bpems co3paHuna n nybnukauymm - Okts6pb 2022r.

TeKkCT B3AT U3 Hay4YHOro xxypHana «Trends in Genetics»

2. ICTOYHUK TeKCTa - reHeTu4eckne nccaenoBaHmsa B 061acTn ANreHHOro Hacse4oBaHUA, peLenneHT - Hay4Has
ayaAnTopUS, KOTOpas MHTepecyeTCcs BOMpocaMn reHeTUKIN, a Takxe JIloan, CBA3aHHble ¢ 06nacTbio HaceaoBaHMSA
reHos.

3. OnpepennTb cocTaB MHDOPMaLIMKN N €€ NJIOTHOCTb.

TekcT HeceT B cebe KOrHUTUBHYO MHMOPMaLMIo.

KorHunTtmneHas nHpopmauma npeacrtaBnaseT cobon 06bekTUBHbIE CBEAEHUS O BHELIHEM MUpe. Takoro poga TeKCTbl
Mbl YCJIOBHO Ha30BEM MH(HOPMALMOHHO-TEPMUHOIOM MYECKNMU N OTHECEM K HUM Hay4Hble, lopuanveckue n
TeXHNYeCKne TeKCTbl, Y4eOHUKN, NHCTPYKL MK, AeNnoBble NMCbMa.

4. KOMMYHUKaTMBHOE 3aaHne TekcTa.

TekcT HeceT B cebe 3agadvy nepefaThb Ba)KHYO MHGOPMaLIUIO O B3auMOAENCTBUN MAaLLIMHHOIO oby4yeHnsa 1 nopsake
OVNFeHHOro HacsiefoBaHMA pa3nnyHbiX 3aboneBaHnin YesoBeka.

5. OnpepneneHne pevyeBOro »aHpa TekcTa.

YKaHp TekcTa - Hay4HbIN.

OCHOBHbIMM MPU3HAKaMN HAaY4HOWN KOMMYHMKaLNK ABAAIOTCA cnefylolimne: Hay4yHaa TeMaTuka, To4Hoe
onpepeneHne NOHATUN, CTpeMaeHne K 0606weHno, abcTpakumm, TOFMYHOCTb U AO0KA3aTE/IbHOCTb N3JI0KEHUS,
06BHEKTUBHbLIN XapaKTep N3/I0XKEeHNS, HaCbILLEeHHOCTb (haKTU4eCKoN MHopMaLnen, CKaToCTb N3N0XKEHUS.
Hay4HbIn CTuab umeeT pag obuwmx 4epT, NPOSABAAIOLLNXCA HE3ABUCUMO OT XapakTepa CaMnx HayK (eCTeCTBEHHbIX,
TOYHbIX, TYMaHUTaPHbIX) U )XaHPOB BblCKa3blBaHUA (MOHOrpadus, Hay4yHasa cTaTbs, [OKAa4, y4ebHUK 1 T. 4.), 4To



NMo3BOJISET rOBOPUTL O Creunduke cTuaa B LesioM. Ero xapakTepusyloT formyeckas nocnefoBaTeslbHOCTb
N3JI0)KEHUA, YNOPAA0YEHHasa CMCTEMa CBA3EN MeXAy YacTSMU BblCKa3biBaHWSA, CTPEMJIEHNE aBTOPOB K TOYHOCTH,
C>KaToCTU, OAHO3HAYHOCTU BblPaXKeHMNS NPU COXPAHEHUMN HACBILLEHHOCTU cogepaHnsa. OCHOBHOM yHKLMNEN
Hay4HOro CTWUNS ABNAETCS He TONbKO Nepefaya JIorm4eckon nHpopMaLmnm, HoO N fOKa3aTeNIbCTBO €€ UCTUHHOCTH,
HOBU3HbI U LLeHHOCTU. BTOpMYHas yHKLUNA HAay4YHOro CTUIS — aKTUBM3ALMS JIOTMYECKOr0 MbILIEHNS YNTaTens
(cnywaTens). Hay4HbI CTUAb ENUTCA Ha TPU OCHOBHbIE PA3HOBUAHOCTUN: COBCTBEHHO Hay4HbIN, Hay4YHOY4YebHbIN,
Hay4YHO-MOMYNAPHbIA N MHOXXECTBO Pa3HOBMOHOCTEN, 0b6cnyXusaLwmx cdhepy Hayku. Mpu paccMoTpeHnn
Knaccugmkaumm TeKCTOB BaXKHO MOHUMATb, YTO BHYTPU KaXKA0ro 13 OyHKLNOHANbHO-CTUINCTNYECKUX TUMOB €CTb
CBOSl Mepapxms TEKCTOB. Tak, ecnm Mbl 06paTUMCA K Hay4HbIM TEKCTaM, TO YBUAMM, YTO K HAM MOXXHO OTHECTU 1
CTPOro akageMmn4ecKyto CTaTbio, U CTaTbIO B SHLUKIIONEANN, N HAYYHO-MOMNYNSAPHbINA 04epK 1 T. N. Bce 3To -
pa3Hble BUAblI N0f4ayYM MaTepuana.

TekcT nepeBoja

Mogxonbl MaWMHHOIO 0by4yeHNsa A5 N3y4eHns GUreHHOro HacsegoBaHus

Auyko Okagsaku u KOpr OTT

HekoTopble pefkune reHeTndeckmne 3aboneBaHmns, Takme Kak MUIMEHTHbIA PETUHUT WU CUHAPOM ANbropTa,
pa3BMBalOTCA COHacnenoBaHmem BapuaHToB JHK B ABYX pa3HbIX reHeTUYEeCKUX JIoKycax (oureHHoe
HacnepoBaHme). YTobbl N3yUYnTb BANAHUE 3TUX BONE3HETBOPHbLIX BAPMAHTOB N NX BO3MOXHbLIE NHTEPAKTUBHbIE
ahheKTbl, B reHeTuKe YyesioBeka bbisin paspaboTaHbl passinyHblie CTaTUCTUYECKNE MeToAbl. AHaNOrNYHbIe
pa3paboTkun npounsownan B chepe MallMHHOro obyyerHuns, ocobeHHo B 061acTu, KOTopasa cellvac Ha3blBaeTCs
«B60NbWNMKN faHHbIMK». B npowsiom, 3Ty ABe 06,1acTu pa3BMBaIMCb HE3aBUCMMO APYr OT Apyra 1 TONbKO B
nocnegHue roabl Havdanm cbnmxaTtbca. Mbl coenaem o0630p KaXxgonm 13 AByx obnacten, yaensas ocoboe BHUMaHue
MeToAaM MallMHHOro oby4yeHuns ans BbisiBJIEHUS KOMOUHMPOBAHHOIO BO3AENCTBUSA Nap BapuMaHToOB Ha 3aboneBaHus
yesioBeka.

MoMMMO MeHOEeNEeBCKON FeHeTUKN

Knaccuyeckne reHeTnyeckme Nnoaxonbl NCCiefoBaan 3a pas TONbKo oanH BapuaHT OHK 4YenoBeka Ha npeamer
cuensieHns nnm ceasun ¢ 3abosieBaHNEM, YTO OKa3asoCb 0O4eHb MJOLOTBOPHbLIM AJ19 MEHAENIEBCKMX MPU3HAKOB, TO
€CTb HacneaCcTBeHHbIX 3aboneBaHnin, 06yCNoBNEHHbIX OAHUM BapuaHTOM. MOLLHblE TEXHOJIOTN CEKBEHUPOBAHUSA
reHoMa, Takle Kak CeKBeHNpPOBaHME 3K30Ma U CEKBEHUPOBAHME BCEro reHoMa, No3BoJININ HaM
NOEHTUMULMPOBATb MHOXXECTBO HOBbIX FEHOB NP MeHAeNeBCKNX 3aboneBaHnsX, BbiI3BaHHbIX U3MEHEHUAMU B
OOHOM reHe unm nokyce. O4HaKO HECKOJIbKO KPYMHOMacCLITabHbIX FeHETUYECKMX KOTOPT NoKasasnun, 4To bonee
MOJIOBUHbI MALMNEHTOB C peAKUMU reHeTn4eckuMmn 3aboneBaHnAMN elle He AUarHoCTUpPOBaHbl. OgHUM 13
MEXaHN3MOB, JIeXXalUNX B OCHOBE pefKNX FreHeTU4Yecknx 3aboneBaHunin, ABNAETCA AUT€HHOE NN OJINTOr€HHOE
HacsefoBaHMe, NpyM KOTOpoM HabnogaeTcs B3auMoaencTeme AByx n 6onee reHoB. [JureHHoe Hacseno0BaHme
ABNISIETCA CaMOW NPOCTON (hOPMON Cpean TaKMX HacsefoBaHMn N BbIsI0 BbISBAIEHO MPU HEKOTOPBLIX peaKkux
reHeTnyeckux 3aboneBaHusx, No-BUANMOMY, NO MEHAENEBCKOMY TUMY. BblJI0 NpPeanpUHATO MHOIO YCUANRA, 4TOObI
NOEHTUHULMPOBATb HOBble ANUreHHble HAaClefO0BaHNS NMPU FreHeTUYEeCKNX peakunx 3aboneBaHmsax.

OAHUM N3 OOCTMXKEHUN TaKNX YCUINN aBAsieTcs HoBaa 6a3a AaHHbIX, cogep)kawas noapobHyto nHhopmaumio o
reHax n reHeTU4YeCcKux BapuaHTax, HabnogaeMblix Npyn aMreHHbIx 3aboneBaHusax. Ucnonb3ysa 6asy gaHHbIX,



yhanocb nAeHTUPUUNPOBaTb reHbl AUreHHbIX 3abosieBaHN C MOMOLLbIO MaLLIMHHOIO 0by4eHuns. Mommnmo
ncnosib3oBaHMA 6a3 AaHHbIX, NO-MPEXHEMY Ba)KHO MNPUMEHATb NoAX0oAsLMe METOAbl A1 BbIABNEHNSA HOBbIX
B3aMMOOENCTBUIA Mexxay BapnaHTamu. [na paboTbl ¢ 60/1bLINM KONMYECTBOM BapMaHTOB, NOJIyHYEHHbIX B
pe3ynbTaTe aHa/n3a CEKBEHUPOBaAHMA reHoMa, bbb paspaboTaHbl CTaTUCTUYECKME METOAbl U MEeTOoAbI
MalLUWUHHOro obyyeHus, kKoTopble ByayT pacCMOTPEHbI B NoCaeAyoLWmnxX pa3genax.

B aTon cTaThe Mbl 06Cy>XAaeM nogxonbl MallMHHOro 0by4yeHuns € TOYKN 3peHns Nosib3oBaTensa oasa obHapy>keHus
rnap BapuMaHTOB, JIeXXallMX B OCHOBE AMNIE€HHbIX MPU3HaKOB.

Ob6bepnHeHme 3hhekTOB accoumnaumm ¢ 3aboneBaHMeEM B HECKOIbKMX BapMaHTax

B reHeTuke 4yenoseka 6binn paspaboTaHbl pasnnyHble crneymasbHble cnocobbl o6begnHeHna nHgpopmaumm 06
accoumaunm 3aboneBaHuin C HECKObKMMIK BapnaHTamMu OHK, koTopble Mbl KpaTKo 06CcyAnMM 34eCh, Npexxae Yem
MPUCTYNMUTb K OCHOBHOW TeMe Hawlero ob3opa.

[Mpn NoOJIHOreHOMHOM CeKBEHUPOBaHUW aHaNINTUKK cTankmeatoTca co 100 000, a, ecnm v He € MUJITIMOHAMU
BapWaHTOB, OOCTYMNHbIX 4S9 aHanU3a, HanpuMmep, aHaan3 nccaenoBaHna cy4an-KkoHTpoab. OgnH noaxon,
M3BECTHbIN KakK «MeToph KoJjslanca», NpMcBamBaeT MHAEKCHYIO NepeMeHHyto K KaxgoMmy nHansmgyymy, roe K =1,
€CnN UHAVBUAYYM HeceT (peiKkuin) MUHOPHLIN annenb B 1toboM U3 BaprMaHTOB AAaHHOro reHa, n K = 0 B NPOTUBHOM
cnydae. Takmm obpa3oMm, aHain3 naeT Ha YPOBHE M'EHOB, @ HE BapWUaHTOB, rae nocsaegHux HaMHoro 6osnblue, 4em
nepBsbIX.

XOTHA Takme noaxonbl N KaXKyTCA SKOHOMUYHbLIMU, 3(PHEKT 04HOr0 BapuaHTa Uam reHoTmuna, acCoummpoBaHHOro C
3aboneBaHnemM, moxxeT bbITb 0ciabneH HeaCCOUNMMPOBAHHLIMU BapuaHTaMM TOro XKe reHa. HarnsagHbin npumep
TakKoW CUTyauun Npu onMonaHoON 3aBMCMMOCTI NPOAEMOHCTPMPOBA 3HAYUMYIO0 Napy FEHOTUMOB, HO 3TOT 3 eKT
ncyes Npu aHaamse, OCHOBaHHOM Ha BapuaHTaXx, @ He Ha reHoTunax. MeTopg «kosnanca» 6bl1 HEAAaBHO NPUMEHEH B
KPYMHOM MccefoBaHnn anunencun. Metog «konnanca» 6bll Tak»xe pacmnpeH ana paboTbl ¢ ABYMSA reHamu
OOHOBPEMEHHO OJ19 aHa/IM3a AUreHHbIX MPU3HAKOB.

TaK Ha3blBaeMble CJI0XKHble YepTbl HAXOAATCA No4 BANAHMEM 60/1bLLION0 KOJIMYECTBA NrEHOB, APKUM NMPUMEpPOM
KOTOpbIX aBAsAeTca 3aboneBaHne wnsodppeHns. ObbI4HbLIN NOAX0 K TaKUM XapaKTEPUCTUKaAM COCTOUT B TOM,
4TOObI BbIYMCINTD ANA Ka)XA0r0 YesIOBEKA OLIEHKY MOJIMFEHHOr0 pyUcKa, TO eCTb CYMMY 4acTOoT aJieNiell pucka no
BCEM OOHOHYKIeoTUAHbIM nonnmopdgumnamam (OHIM); nan 4acTtoTa annenen pucka MoxeT ObITb 3aMeHeHa
KONMYECTBOM annesnen pucka (MUMHOPHLIMU anniensmm). 3TOT NOAX0H MOXKET OblTb NOJIE3EH B U3YYEHUN TaKUX
6onesHen, Kak CUHAPOM AnbuUrenmMepa 1 Apyrme, n MOryT, Mo KpaHeNn Mepe, NPOAEMOHCTPUPOBATL FeHeTNYecKne
ahheKkTbl, HO Mepes nccaenoBaTeNgiMm BCe elle 0CTaeTCs 3aj4adya TOYHOro onpeaeneHns Toro, Kakme ums
noTeHunanbHo 6osnblioro Yucna OHI aBnatTCcA 601e3HETBOPHbLIMU.

3Ta yacTb paboTbl BbiJIOXEHA B 03HAKOMUTE/IbHbIX Uensax. Ecav Bbl xoTtute noay4nTs paboTy MosHOCThIO, TO
npmnobpeTnTe ee BOCro/b30BaBLUNCL (YPOPMOV 3aKa3a Ha CTpaHuue C rotoBov pabortou: https://stuservis.ru/otchet-
po-praktike/361828
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