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Momusayus u yenvr. Ananu3 acconuaruii Ha ocHoBe reHoB (gene-based association
analysis, GBAA) tectupyer coBMecTHbIN 3hHeKT Ha MPU3HAK BCEX OTHOHYKICOTHTHBIX
nonmopduzmoB (SNP) BHyTpu rena. Kak mpaBuiio, MaTepranoM Jjisl TOTO aHAIN3a
SBISIFOTCS  Z-CTaTUCTHMKM, IIOJIyYCHHbIE B pE3yJbTaTe IIOJHOI€HOMHOIO aHalIH3a
accoruanuii (GWAS), u MaTpuisl koppensiuuii Mexxay reHoturnamMu SNP BHyTpu reHoB.
Kak mmss GWAS, tak un ms GBAA 00s3aTenbHBIM 3JIEMEHTOM SIBIISIETCS] YCIIOBHBIN
aHanu3, MO3BOJSIOIIMN HCKIOYAaTh BiMsHUE BHereHHbIXx SNP, Haxonmsmuxcs B
HepaBHOBecun 1o chHemeHnto ¢ SNP  BHyTpu rena. OmHUM U3 H3BECTHBIX
MHCTPYMEHTOB ycioBHOro aHaimsa sisisiercsi metog GCTA-COJO [1]. Dot meron
KOPPEKTHPYET Z-CTaTHUCTUKU A Kaxkaoro SNP BHyTpu reHa ¢ y4eToM BHET€HHBIX
curHasioB. CKOPpEKTUPOBAHHBIE Z-CTATUCTUKH BMECTE C MAaTPUIIAMHU KOPPEIALUI 3aTeM
ucnonsdytotrcs B GBAA. Tlpocroii u Obictpoii anmbrepHatuBoii COJO mns GBAA
SIBJISIETCSL METOJI MOJUIeHHOro npyHuHra (polygenic pruning, PP) [2]. B ero ocuHoBe
JISKUT UCKITFOYSHHE U3 PaCCMOTPEHNUs BHYTpUTeHHBIX SNP, BEICOKO KOppenupyromux ¢
Oosee 3HaunMo acconuupoBanHbiMUA SNP BHe rena. O0a STUX METO/1a U3MEHSIOT YU CIIO
WM 3HaYeHHUS Z-CTaTUCTHUK, yuacTByromux B GBAA, He MEHSISI MaTpULIbl TEHETUYECKUX
koppemsiinidi.  Hemocratkom COJO  SBISIFOTCST  BBIYHACIHTEIBHBIE TPOOJIEMBI MPHU
00paleHnu MaTpHlibl, a HelocTaTKoM PP — moTeHnManbHoe CHU)KEHNE MOITHOCTH H3-
3a ynanenus Hekoropbix SNP. 3mech Mbl mpejacTaBisieM HOBBIH METOJ YCJIOBHOTO
ananu3a TauCOR, mumennslit 3Tux orpanndenuil. Crparerus TauCOR cocTout B TOM,
9YTO OH HE MEHSET 3HAUYEHWH Z-CTaTHUCTUK, a KOPPEKTHUPYET MaTPHULbl KOPPEsLui
Mexay renotuniamu SNP BHyTpH reHa. Takoii 1moJxo Mmo3BoJsieT n30ekaTh MHOTHX
BBIYUCIIUTEIBHBIX IPOOIIEM.

Memoowr u ancopummoi: PaccMOTpUM BBIOOPKY T'€HOTHIIMPOBAHHBIX HWHAWBUIOB C
M3MEpPEHHBIM (DEHOTHIIOM, Ui KOoTopod mpoBeneH GWAS. [Iiis KakIOoro reHa Mbl
onpenenseM Habop SNP BHyTpu rena (g) u Habop SNP u3 pernona Bokpyr resa (). s
3TUX HAOOPOB U3BECTHBI BEKTOPbI Z-CTATUCTUK, Zr U Zg, U UX KOPPEIALUOHHBIEC MAaTPHLIBL,
Ug u Ur, cootBeTcTBeHHO. KpoMe Toro, n3BecTHa MaTpuIla KOPPEISIH MEX Iy BHYTPH-
u BHereHHBIME SNP, Ugr. 3amaua cocTOUT B TOM, 4TOOBI CKOPPEKTUPOBATh MAaTPUILY
koppemsiiuit Ug, Heobxoaumyto ainst GBAA, Takum 06pa3om, 9to0sl yuecTs Zr, Ur 1 Ugr.
B HOBOM MeToze MBI TipenoiaraeM, 9ro 3¢dextsr SNP B perrnoHe BOKpyT reHa HOCST
HE3aBUCHMBIN CITyYaiHbIM XapakTep W pacrpelielieHbl HOpMaibHO ¢ OOIIMM BKJIaJOM B
W3MEHYUBOCTh NMpH3HaKa 7, a Uit dpdekToB SNP rena xapakrep (ciaydaidHbIN/ PUK-
CHUPOBaHHBIN) HA JJaHHOM dTare He BakeH. CHauana Mbl aHanmmzupyeMm SNP B peruone
BOKpYTI' T€Ha, 4YTOOBl OLEHUTh WX BKJIaA. [lJi1 3TOro MBI CTPOMM paclpeneieHue Zr
C HYJIEBBIM BEKTOPOM MaTOXWJAaHWi u KoppensuuonHod Mmatpuned Ur + 7 UUr. C
MOMOILIBI0 METOa MaKCMMyMa HpaBAONOA0OMs, MOCTPOCHHOIO [UIl  3TOTrO
pacrpeneneHus, OLIEHUBAaeM 7. 3aTeM aHAIM3UPYEM I'eH HHTepeca, pacCMOTPEB ISl HETO
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JIBa TIOTCHLUMABHBIX UCTOYHUKA acconuaTuBHOro curnama: SNP camoro rena u SNP
COCEIHEr0 PErvoHa ¢ Y€ W3BECTHBIM BKIIAJOM 7. B 3TOM Cilydyae HyJIE€BOW rHMIIOTE3011
ABJISIETCSl TPEATIONONKEHNE 00 OTCYTCTBHUHM CHUTHAJIOB B I'€HE, BHI3BAHHBIX HEIMOCPE.-
ctBeHHO SNP rena. B cooTBeTCTBUHM C HyNIEBOW THIOTE30i MBI KOPPEKTHUPYEM
KOppensAIHoHHYy0 MaTpuily Ug Tak, 4TOOBI OHa OTpakana cuTHaibl BHereHHBIX SNP, B
pesynbrate gero momydaem Ug + 7UgUg!. Tanee Bomonasem GBAA ¢ momorpio
J000T0 M3 TECTOB, UCTIONB3YSl B KAUECTBE BXOJIHBIX JIAHHBIX MEPBUYHBIC PE3yJbTATHI
GWAS u ckoppekTrpoBaHHbIE MaTpHUIBI Koppensinuidl. Haubonee nomynsipasie GBAA-
TECTHI IIPeACTaBjeHsl B [3].

Pezynomamur: TAaUCOR 0ObUT IPOTECTHPOBAH HA HAO0OpE TEHOB ‘30JI0TOTO CTaHJapTa’,
T. €. TeHOB, 3()()EeKT KOTOPHIX Ha MPU3HAK OJHO3HAYHO YCTaHOBIEH. bruto oToOpaHO
28 reHoB ‘30110TOrO cTaHAapra’ Ha 13 mpu3Hakax. Mbl UCTIONIB30BAU Z-CTATUCTUKU U3
UK Biobank mis 3Tix nmpu3HakoB U cpaBHWIH HOBEIH MeTox ¢ Metomamu COJO u PP.
Jmst xaxmoro m3 28 TEHOB ‘30JI0TOTO cTaHmapta’ ObUIH CHOPMHUPOBAHBI JIOKYCHI B
npenenax +1 MO or rpanun reHa. Bcero B 3THX JOKycax coaepikanoch 394 rena
IOMUMO TE€HOB M3 CIHCKAa ‘30JI0TOr0 cTaHaapta’. B mOpoTUBOBEC HCTUHHO-
MOJIOXKUTENBHBIM T€HAM ‘30JI0TOTO CTaHAapTa’ B JAHHOM HCCIEOBAHHHM MBI YCIOBHO
paccMaTpuBacM OCTaJIbHBIC I'CHBI B JIOKYCaX KaK HCTUHHO-OTPULATCIbHBIC JJIs1 JaHHBIX
MpU3HaKOB. UHCIIO TaKUX TEHOB Ha JIOKYC BapbUpoBaio oT 1 10 59 co cpeanum 14.6.
GBAA mnpoBoaunu ¢ nomorsio R-makera SUMFREGAT [4]. st kaxaoro reda SNP
ObUTH  OT(UIBTPOBAHBI IO YAaCTOTE MUHOpHOro awiens > 107% aHHOTHpOBaHBI ¢
ucnoinr3oBanreM VEP u oprann3oBaHbl B Tpu HaOOpa: HEKOAUPYOIINE, KOAUPYIOIIUE
n HecuHoHuMHYeckrne SNP. Jlns kaxxaoro Hadopa SNP 6wt BemonaeH Tect ACAT-O,
obweauasaromuit pe3yiapTathl TecToB SKATO u PCA. Bceero, ¢ yueToM mepexphIBaHUS
aHAIM3UPYEMBIX JIOKYCOB, ObLIO TpoTecTHpoBaHo 84 HaOopa SNP mis MCTHHHO-
MTOJIOKUTENBHBIX TeHOB W 1211 HaOOpOB ISl MCTUHHO-OTPHUIATEIHHBIX TeHOB. [Ipu
MPOBEICHIH YCIOBHOTO aHAIM3a JUIsl KaXJIOTO T'€Ha pacCMaTPUBAIH PETHOH BOKPYT
resa +5 M0 w1 COJO u PP u 1.5 M6 mist TauCOR.

[Ipexne Bcero, mbl npoBenu GBAA u oroOpanu 3HAaUMMO acCOIMUPOBaHHBIE HAOOPHI
SNP s kakaoro rena, nokasasimue P-3mauenusi < 2.5x10°°. Cpenu 84 Tecros,
BEITIOJTHEHHBIX Ha Habopax SNP i reHoB ‘30710TOTO cTaHAapTa’, ObUIO 29 3HAYNMBIX,
a cpenn 1211 TecToB, BBIMONHEHHBIX Ha HaO0opax SNP 111 TeHOB U3 UX OKPYKEHUS,
obut0 97 3HauMMBIX. [ ATHX 3HAYUMBIX TECTOB MPOBOAMIIM YCIOBHBIM aHAIU3.
duKCcHpOBAIM YUCIIO TECTOB, MPOUICANINX YCIOBHBIM aHANW3, JJS TEHOB ‘30J0TOTO
cTaHjapTa’, 4YTOOBI OIICHUTh YYBCTBUTEIBHOCTh METO/IA, U YHCIIO TECTOB JUIS [CHOB U3
COCECAHUX PETHOHOB, 4TOOBI OLICHUTH CHeHI/I(i)I/I‘-IHOCTB METOOAOB. PeSyJ'H)TaTI)I
MpUBEACHBI B Ta0II. 1.

Taoauna 1. IToxazarenu 3pGeKTUBHOCTH pa3InIHBIX METOOB

GBAA | COJO PP TauCOR
I'eHBI 30510TOTO CTaHIapTa 29 12 15 16
CocenHue reHsl 97 17 22 5
YyBCTBUTENBHOCTD 0.41 0.52 0.55
CrneunpuyHOCTb 0.82 0.77 0.95

Kak BuAHO, YMCIIO 3HAUYMMBIX TECTOB, MOJYYEHHBIX HOBBIM METOJOM JUIi T'E€HOB
‘30JI0TOTO CTaHJApTa’, JHIIHF HEMHOTO OOJIBIIE, YEM Y CYIIECTBYIOIIMX METOI0B. JDTO
CBHUIACTCIILCTBYET O €0 YyBCTBUTCIIBHOCTH, CpaBHHMOﬁ C YYBCTBUTCJIILHOCTBIO JIPYTUX
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METOAOB YCIOBHOTO aHaimm3a. OAHAKO CHenUpUYHOCTh HOBOTO METOJa OKa3ajach
3HAYUTENHHO BHIIIE, 4eM y cymecTBytomuX. TauCOR mokasai JI03KHO-TI0JI0KUTETbHBIH
pe3yNbTaT TOJBKO B IIATH CIIydasx, TOT/Ia Kak APYrHe METOIbI IOKa3bIBAJIM TaKOW
pE3yNIbTAT B YETHIPE pa3a darle.

Buigoowi: Crparernss TauCOR mpoaeMoHCTpHpOBaJia CPaBHUMYIO UyBCTBUTEIBHOCTD
YCIIOBHOTO aHAJIN3a M 3HAYUTEIBHO 00JIee BHICOKYIO €0 Cenn(HIHOCTh 0 CPAaBHEHHIO
¢ COJO u PP. Meton MoxeT OBITh YCIIEIIHO WCTIOIB30BAaH AJIS MIOBBIIIEHHUS] TOYHOCTH
aHaIu3a accoUManuii Ha TEHHOM YPOBHE.

Qunancuposanue. VccienoBanue BBIIONIHEHO NMpH (HUHAHCOBOW TMOAACPKKE TpaHTa
Poccuiickoro Hayunoro ¢gonma (PH®) Ne 23-25-00209.
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Motivation and Aim: Gene-based association analysis (GBAA) tests the joint effect of
all single nucleotide polymorphisms (SNPs) within a gene on a trait. As a rule, the input
data for this analysis are z-statistics obtained by genome-wide association analysis
(GWAS) and correlation matrices between genotypes of SNPs within genes. For both
GWAS and GBAA, conditional analysis is a mandatory step to exclude the influence of
extra-gene SNPs that are in linkage disequilibrium with SNPs within a gene. One of the
well-known conditional analysis tools is the GCTA-COJO method [1]. This method
adjusts the z-statistics for each SNP within a gene to account for the extra-gene signals.
These adjusted z-statistics together with correlation matrices are then used in GBAA. A
simple and fast alternative to COJO for GBAA is the polygenic pruning (PP) method
[2]. PP is based on the exclusion of intra-gene SNPs that are highly correlated with more
significantly associated SNPs outside the gene. Both of these methods change the
number or values of z-statistics involved in GBAA without changing the matrix of
genetic correlations. The disadvantage of COJO is the computational problems in
inverting the matrix, and the disadvantage of PP is the potential reduction in power due
to the removal of some SNPs. Here we present a new conditional analysis method,
TauCOR, devoid of these limitations. The strategy of TauCOR is that it does not change
the values of the z-statistics, but adjusts the correlation matrices between genotypes of
SNPs within a gene. This approach avoids many computational problems.

Methods and Algorithms: Consider a sample of genotyped individuals with a measured
phenotype for which a GWAS was performed. For each gene, we define a set of SNPs
within the gene (g) and a set of SNPs from the region around the gene (r). For these sets,
we know the vectors of z-statistics, zg and zr, and their correlation matrices, Ug and Uy,
respectively. Furthermore, the correlation matrix between intra- and extra-gene SNPs,
Uygr, is known. The task is to adjust the correlation matrix, Ug, required for GBAA so as
to account for zr, Ur and Uyr.

In the new method, we assume that the effects of SNPs in the region around the gene are
independently random and normally distributed with an common contribution to trait
variability z, and for the effects of SNPs in the gene, the type (random/fixed) is not
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important at this stage. We first analyse the SNPs in the region around the gene to
estimate their contribution. To do this, we construct a z, distribution with zero mean
vector and correlation matrix U, + zU,U,. Using the maximum likelihood method
constructed for this distribution, we estimate z. We then analyse the gene of interest by
considering two potential sources of association signal for it: SNPs of the gene itself and
SNPs of a neighbouring region with an already known contribution . In this case, the
null hypothesis is the assumption that there are no signals in the gene caused directly by
intragenic SNPs. Under this null hypothesis, we adjust the correlation matrix Uy so that
it reflects signals from extra-gene SNPs, resulting in Ug + 7 UgUg". We then perform
GBAA with either test, using the primary GWAS results and the adjusted correlation
matrices as input data. The most popular GBAA tests are presented in [3].

Results: TauCOR was tested on a set of ‘gold standard’ genes, i.e. genes whose influence
on a particular trait has been unambiguously established. Twenty-eight ‘gold standard’
genes were selected for 13 traits. We used z-statistics from UK Biobank for these traits
and compared the new method with COJO and PP methods.

For each of the 28 ‘gold standard’ genes, loci were generated within =1 Mb of the gene
boundaries. These loci contained a total of 394 genes in addition to the ‘gold standard’
genes. As a contrast to the true-positive genes from ‘gold standard’, in this study we
conditionally consider the remaining genes in the loci as true-negatives for these traits.
The number of such genes per locus ranged from 1 to 59, with an average of 14.6.
GBAA was performed using the R package SUmMFREGAT [4]. For each gene, SNPs were
filtered by minor allele frequency > 104, annotated using VEP and divided into three
sets: non-coding, coding and non-synonymous SNPs. For each set of SNPs, the ACAT-
O test was performed combining the results of the SKATO and PCA tests. A total of
84 SNP sets for true-positive genes and 1211 SNP sets for true-negative genes were
tested, taking into account the overlap of the loci analysed. In the conditional analysis
for each gene, we considered a region around the gene in size of £5 Mb for COJO and
PP and +1.5 Mb for TauCOR.

First of all, we performed GBAA and selected significantly associated SNP sets for each
gene that showed P-values < 2.5x10°%. Among the 84 tests performed on SNP sets for
‘gold standard’ genes, there were 29 significant tests, and among the 1,211 tests
performed on SNP sets for genes from their surroundings, there were 97 significant tests.
Conditional analysis was performed for these significant tests. To assess the sensitivity
of the methods, the number of tests that passed the conditional assay for ‘gold standard’
genes was counted, and to assess the specificity of the methods, the number of tests for
genes from neighbouring regions was counted. The results are summarized in Table 1.

Table 1. Effectiveness indicators of various methods

GBAA | COJO PP TauCOR
‘Gold standard’ genes 29 12 15 16
Neighbouring genes 97 17 22 5
Sensitivity 0.41 0.52 0.55
Specificity 0.82 0.77 0.95

As can be seen, the number of significant tests obtained by the new method for ‘gold
standard’ genes is only slightly higher than that of the existing methods. This indicates
its sensitivity comparable to that of other conditional analysis methods. However, the
specificity of the new method was significantly higher than that of existing methods.
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TauCOR showed false-positive results in only 5 cases, while other methods showed such
results four times more often.

Conclusion: The TauCOR’s strategy demonstrated comparable sensitivity and
significantly higher specificity of conditional analysis in comparison to COJO and PP.
The method can be successfully used to improve the accuracy of association gene-based
analyses.

Funding: The study was financially supported by the Russian Science Foundation (RSF)
grant No. 23-25-00209.
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