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Momusayua u yenv. VccnemoBaHus, NOCBSILEHHbIE aHAIN3Y MNepU(EPUIECKUX
TpaHckpunToMHbeIx curHaryp COVID-19, aktuBHO BenyTcs Bo BceM mupe. OgHO H3
TaKUX HUCCIEOBAHUHM, MPOBEICHHOE KUTANCKUMU YYEHBIMH, TOKa3ajgo 268 TEHOB C
W3MEHEHHOW JKCIPECCHEH, YTO IPHUBEIO K BBIIBICHUIO KIIOUEBBIX PETyJSTOPOB
yOUKBUTHHHUPOBaHHS OCIKOB, BKItouas 6 hakropoB Tpanckpunuuu u 2 MukpoPHK [1].
pyroe uccienoBaHue BHIIBUIIO 3HAUUTENbHbIE pa3inyus B akcripeccun 25 482 MPHK,
23 mukpoPHK 1 410 mmmanbx HeKoaupyromux PHK mexny maruenramu ¢ COVID-19
U KOHTpOJbHOU rpynnoi. OTMeueHo, yTo u3MeHenus B skcrnpeccud MPHK cBs3ansl ¢
MMMYHHBIM OTBETOM, B YAaCTHOCTH C IPOLECCHUHIOM M MpPEJCTaBIEHUEM aHTHUIEHA, a
Takke ¢ aktuBamueidl T-kimetok [2]. TpaHCKpUITOMHBIA aHANHU3 TIPEAOCTABIISICT
BO3MOXXHOCTb OLIEHKH MOJICKYJSIPHOTO OTBETa OpraHM3Ma Ha HH(EKLHI0 M MOXKET
MOMOYb B BBISIBJICHUU NOTEHIMAIBHBIX MUILIEHEH /U1 Tepanuu.

Lenplo naHHOTO HCClieoBaHus sBisieTcs AuddepeHranbHbIil aHaTN3 JKCIPECCHH
TCHOB MJIS1 BBIABICHHS HA00Opa pPEryJSTOPHBIX TEHOB, BIMSIONIMX HA KIIOUEBBIC
MOJIEKYJISIpHBIE U KJIETOYHBIE ITyTH, BOBJIEUeHHBIE B naTorene3 COVID-19.

Memoowt u areopummot. B ucciienoBanuu npuHsuia yyactue 146 naruenros ¢ COVID-
19. Bce nauneHThl noAnucany nHGOPMHUPOBAHHOE JOOPOBOJILHOE COTJIACHE HA y4acTHE
B ucclenoBaHuu. MccienoBanue ObU10 0700PEHO SKCHEPTHBIM COBETOM IO AITHKE
CII6 I'BY3 «l'oponckas Gombaunia Ne 40» (mpotokon Ne 171 or 18 mas 2020 r.).
[ManeHTHI OBLIH pa3/iesieHbl HA OCHOBE CTETICHH TsDKECTH 3a00JIeBaHuUs: IepBas TpyIia
BKJIIOYaJa Clyyad C JIETKUM M YMEPEHHBIM T€UEHHEM, BTOpAs IPyMIia — C TSHKEIBIM U
KpaiiHe TSDKEJIBIM. JononHuTensHO YYUTBIBAJICSA HCXOJ, 3a00JeBaHUs
(BBDKHMBaHUE/IETATBHBIA UCXO]).

PHK Obia BbieneHa u3 o0Opas3lioB KPOBH BPYUHYIO C IOMOILBIO (DEHOJNI-XJIOPO-
¢dopmeHHoro Merona OKCTpakuuu. I[loaroroBka OMONMOTEK MHpoBeneHa C
ucnonb3oBanueM peareHToB KAPA RiboErase HMR (Roche), RNA Hyper Prep
(Roche), KAPA Universal Adapter (Roche), KAPA UDI Primer Mixes (Roche).
KonBepcus mpoezieHa ¢ ucronbs3oBanueM pearentoB High-Throughput Sequencing
Primer Kit (App-C) u MGIEasy Universal Library Conversion Kit (App-A) (MGI).
CekBeHHpOBAHUE TOJIYICHHBIX OMONIMOTEK Mpom3BeneHO Ha cekBeHarope MGISEQ-
2000 MeToI0OM MapHO-KOHIIEBOTO NpouTeHus AauHod 100 map ocHOBaHMI Ha Aueiike
DNBSEQ-G400 High-throughput Sequencing Set (PE100, 360 I'6) (MGI).
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Kontpons xauectBa mpoutenuil BeimosHeH B FastQC. BolpaBHuBaHME mpodTeHHN Ha
pedepencubiii reHoM Bepcun hg38 BeimmomHeno mnporpammoit STAR. Tloacuer
MIPOUTEHUH W aHHOTAIMSI BEITIOJIHEHEI Iporpammoi featureCounts. Juddepenimanpaas
JKCIIpeccrs TEHOB OIEHMBAJIACH C MIOMOIIBIO HEMapaMeTpUIecKoro Kpurepuss ManHa—
VYurnu. Pacuetsl nmpoBonmimcs B mporpaMmmHoM nakere R. lanee Ha 6asze miaatdhopmbl
ge.genexplain.com  mpowsBeneH — aHanu3  oboramerns — auddepeHnnaTbHO
JKCIIPECCUPYEMBIMU T€HAMHU META0OIMIECKHX ITyTeH U TIONCK MacTeP-PETryISITOPOB.
Pezynsmamur: Mbl ipoBenu ananu3 quddepeHnnanbHoi 9KCIIPecCHH TeHOB, pa3aesiiB
o0pa3upl Ha TpyOmbl MO HECKOJIBKHM KPHUTEPUSIM. YPOBEHb CTATHCTUYECKOU
3HaunMocTH pP-value < 0.01.

1. I'pynmsbl, BeIgeNEHHBIE MO TSHKECTH 3a00JIeBaHUS.

Me1 BoIsiBUIM 806 TeHOB ¢ MOBBILIEHHOM 3Kcmpeccueil U 3925 reHoB ¢ MOHMKEHHOMN
IKcTpeccuedl y rpynmsl ¢ TsokenbiM TeueHneM COVID-19 no cpaBHEHUIO ¢ TPYION ¢
YMEpPEHHBIM U JISTKUM TeueHreM. AHaiu3 1o 6a3e nanusix Gene Ontology (GO) BeisiBrI
cJenyrolne KaTeropyu.

I'eHpl ¢ MOBBIMIEHHOHN 3KcIpecchell KOHIIGHTPUPYIOTCS B METaOONUYECKUX MYTSX,
OTBEUAIONINX 3a aJalnTUBHBIA WMMYHHBIH OTBET, CHUTHAJIMHI, MEXKICTOUHYIO
KOMMYHUKALMIO U P APpYyrUX. I'€Hbl C IOHMKEHHOUN 3KCIPECCHEN COCPENOTOUYEHBI B
MOJIEKYJSIDHBIX ~IYTSX, OTBEYAIOIIMX 32 Mpolecchl MeTabomu3ma KIIETOYHBIX
COEIMHEHUH a30Ta U TETEPOIMKIIOB, TEHHYIO SKCIIPECCHIO U T.1. (pHc. 1).

KomrecTeo momap asmi KOAMYeCTBO NonagaxHi
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= Vpopem: cTaTucTIreckoil sHaumocTH oGoramert -log10(p-aHauetie) = VpOBEHS CTATHCTIRECKOF SHAYTMOCTH 06OTamerH -log10(p-3HaueHHe)

Puc. 1. Hanbonee 3HaunMbIe pe3yabTaThl aHaIM3a 00OTAlIEHUsI MOJCKYJIpHBIX myTer o GO
CBEPXIKCIPECCHPOBAHHBIMU T€HAMH (CIIEBA) U C MOHIKEHHON 3KCIpeccueif (crpasa)

AHanu3 MacTep-peryJsaTopoB mokasan cienyomue pesyastaTsl: CDH2, CXCL9, KIT,
IL13, EPHA4, FLT3, DUSP6, FGFR2, IL4 nns reHOB ¢ MOBBIMICHHON 3KCIPECCUEH;
RHOH, NFATC3, FXN, ADRB2, NTRK1, NAA30, ZC3H12D, MAF, KLRD1 mis reros
C MOHM>KEHHOU AKCIIPECCUEH.

2. ['pynmebl, BbLIEIIEHHBIE [T0 UCXO.Ty 3a00JIeBaHMsL.

N3 9869 renos, npolemnx 00 NOPOry CTATUCTUUYECKOW 3HAUUMOCTH, 348 mokaszanu
MOBBIIIICHHYIO SKCIIpecchio U 9521 MOHMKEHHYO Y TPYIIIBI C JeTaTbHBIM UCXO0A0M IO
CPaBHEHHUIO C TPYIIION BELKUBIIHUX.

IIpoBens ananm3 oGoramieHus 1o Oa3e naHHbIX GO, Mbl BBISCHWIIM, YTO TI'€HBI C
MTOBBIIIIEHHOM IKCIIPECCUEH Jalle BCTPEYaroTCs B META0ONIECKIX Ty TAX, OTBEYAIOIINX
3a JIETPaHyJSIUI0 HEHTPODUIIOB, HEUTPOPII-ONIOCPETOBAHHBI UMMYHHUTET, OTBET Ha
BHEIIHUE PA3APAXKUTENM W Ppal APYyTHX. ['€Hbl € IOHW)KEHHOH 3KCIIpECCUE
COCpEIOTOYEHBl B MOJEKYISPHBIX MYTAX, OTBEYAIOIIMX 32 METa0OJU3M KIIETOYHBIX
COEIMHEHMH a30Ta, COSAMHEHUH, COJepkAIIUX a30TUCThIE OCHOBAHUS, T€TEPOIMKIIOB
u 1. 1. (puc. 2).
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Puc. 2. Haubonee 3HaunMble pe3yabpTaThl aHalM3a 00OTraleHust MOJIEKYISApHBIX myTeit mo GO
CBEPXIKCIPECCHPOBAHHBIMU IeHaMH (CJIeBa) U C MOHIKEHHOW SKcIpeccueii (crpasa)

AHaim3 MacTep-perynsaTopoB mokasain cieayromue pesyinstarel: MAPK3, MMP9, PRL,
MMP2, FLT3, S100AB, ITGB3, ITGA2B, PPARG miid reHoB ¢ MOBBIIIEHHON
skcnpeccueii; PRNP, MAPKS8, ERBB2, ZC3H122D, ITK, NAA30, TRIM3, ESR1,
SH3RF2, ADRB2, KLRC1, KLRD1, PRKCH mist reHOB ¢ MOHMKEHHOM SKCIPECCUEH.
Buioowi: T1o pezynbTaTamM TaHHOTO HCCIIEIOBAHHS MBI BEISIBIITH psifl 1M G epeHIIHATEHO
OKCIPECCHPYEMBIX TEHOB, MOTEHIMAILHO OOBSCHSIOMINX Oojee TsDKENoe TeueHHe
COVID-19, a Takxe HECKOJIBKO MacTep-peryiIsaTOpoB, YbH (YHKIIMH U POJIb B MYTSIX,
oborameHHbIX U GEPEeHIIUATFHO 3KCIPECCHPOBAHHBIMU TE€HAMH, [ENaloT WX
MOTEHIMANBHBIMU TEeTSIMH 711 OMOXMMHYECKHX W MeTauccienoBanuit. Haubonee
nHTepecHbiMA Haxonkamu crtamu reHsl ALOX15, IL4 u KNDC1l. ALOX15 wumeer
MTOHIKEHHYIO KCIIPECCHIO B TPYIIAX TSHKEIOr0 TEYSHUS W JIETATFHOTO MCXO0Ja, YTO
CBUJICTENILCTBYET 00 MIAYIIEM B OpraHM3Me Mpolecce BOCHAJCHUS M HapyIIEHHOM
MeXaHU3ME €r0 TepPMHHAIMH, MOTEHIMAIbHO BEAyIIeM K Ooiee TsHKEeIOMYy TEYCHHUIO
3aboneBanus u ucxoxny [3]. Taxke 3TOT reH OBLT BBISBIIEH KaK MacTEP-PETyIIATOP, YTO
JleaeT ero KaHAWIATOM MJIs WCCIENOBAaHWS B KadecTBE OWOMapkepa W IIETH IS
Tepamuu. Y TPYIIbl C JICTAIBHBIM HCXOJOM CHW)KCHa O3Kcrpeccus rena L4,
KOIMPYIOIIETO [UTOKWH, SIBISIOMIETOCS KIFOYEBBIM PETYIATOPOM TYMOPAIBHOTO U
aJJalITHBHOTO IMMYHHOTO OTBeTa. XOTs MpsMoit accoruary |L4 ¢ TsoxensiM TedeHuemM
3a00J1eBaHUs BBISIBICHO HE OBLIO, STOT I'eH MPEJCTaBIseT HHTEpEC AJs JalbHEHIIero
n3ydenus [4]. Ham ananu3s nokasain, yro IL4, npeanonoxurenbHo, SBISETCS OJHUM U3
MacCTep-peryJsITOPOB ISl CBEPXIKCHPECCUPOBAHHBIX TEHOB B TPYIIE C THKEIBIM
teueHueM 3aboneBanus. ['en KNDC1, yuyacTByromuii B CUTHaIHMHTE, paclio3HABaHUH
0enKoB ¥ (YHKIIMOHAIBFHON PETYIISIIUH, JEMOHCTPUPYET CHIDKEHHYIO SKCIPECCHIO Y
namueHToB ¢ TsHKenbIM TeueHrneM COVID-19 u meTanbHBEIM HCXOaM.
Qunancuposanue. ViccrenoBaHne  BBIIONHEHO B pamkax npoekta CaHKT-
ITetepbyprckoro rtocymapctBernoro yaueepcureta (Pure ID 95412780) u mpwm
B3anMozelcTBrH ¢ 0azoit PecypcHoro nentpa bruobaHk.
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Motivation and Aim: Studies dedicated to the analysis of peripheral transcriptomic
signatures of COVID-19 are actively being conducted worldwide. One such study by
chinese scientists identified 268 genes with altered expression, leading to the discovery
of key regulators of protein ubiquitination, including 6 transcription factors and
2 microRNAs [1]. Another study from China revealed significant differences in the
expression of 25,482 mRNAs, 23 microRNAs, and 410 long non-coding RNASs between
patients with COVID-19 and a control group. It was noted that changes in mRNA
expression are associated with the immune response, particularly with antigen
processing and presentation, as well as T-cell activation [2]. Transcriptomic analysis
provides an opportunity to assess the molecular response of the body to infection and
may assist in identification of potential targets for therapy.

The aim of this study is to perform a differential gene expression analysis to identify a
set of regulatory genes that affect key molecular and cellular pathways involved in the
pathogenesis of COVID-19.

Methods and Algorithms: The study involved 146 patients with COVID-19. All patients
signed an informed voluntary consent to participate in the study. The research was
approved by the ethics committee of the St. Petersburg State Budgetary Healthcare
Institution “City Hospital No. 40” (protocol No. 171 of May 18, 2020). Patients were
divided based on the severity of the disease: the first group included cases with mild and
moderate progression, while the second group included severe and critically severe
cases. Additionally, the outcome of the disease (survival/lethal outcome) was
considered.

RNA was manually extracted from blood samples using the phenol-chloroform
extraction method. Library preparation was conducted using KAPA RiboErase HMR
(Roche), RNA Hyper Prep (Roche), KAPA Universal Adapter (Roche), and KAPA UDI
Primer Mixes (Roche) reagents. Conversion was performed using High-Throughput
Sequencing Primer Kit (App-C) and MGIEasy Universal Library Conversion Kit (App-
A) (MGI) reagents. The sequencing of the obtained libraries was carried out on the
MGISEQ-2000 sequencer by the paired-end reading method with a length of 100 base
pairs on the DNBSEQ-G400 High-throughput Sequencing Set (PE100, 360 Gb) (MGI).
Read quality control was performed in FastQC. Reads were aligned to the reference
genome version hg38 using the STAR aligner. Read counts and annotation were
performed with featureCounts. Differential gene expression was assessed using the
Mann-Whitney nonparametric test. Calculations were conducted in the R software
package. Subsequently, an analysis of the enrichment of differentially expressed genes
in metabolic pathways and the search for master regulators were carried out on the
ge.genexplain.com platform.

Results: We performed an analysis of differential gene expression, dividing the samples
into groups based on several criteria. The level of statistical significance p-value is
<0.01.

1. Groups divided by disease severity.

We identified 806 genes with increased expression and 3,925 genes with decreased
expression in the group with severe COVID-19 compared to the group with moderate
and mild progression. Gene Ontology (GO) enrichment analysis revealed the following
categories. Genes with increased expression are concentrated in metabolic pathways
responsible for adaptive immune response, signaling, intercellular communication, and
others. Genes with decreased expression are focused on molecular pathways responsible
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for the metabolism of cellular nitrogen compounds and heterocycles, gene expression,
etc. (Fig. 1).
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Fig. 1. The most significant results of the GO enrichment analysis of molecular pathways for
overexpressed genes (on the left) and underexpressed genes (on the right)

The analysis of master regulators showed the following results: CDH2, CXCL9, KIT,
IL13, EPHA4, FLT3, DUSP6, FGFR2, IL4 for genes with increased expression; RHOH,
NFATC3, FXN, ADRB2, NTRK1, NAA30, ZC3H12D, MAF, KLRD1 for genes with
decreased expression.

2. Groups divided by outcome of the disease.

Out of 9,869 genes that passed the threshold of statistical significance, 348 showed
increased expression and 9,521 showed decreased expression in the group with lethal
outcomes compared to the survivors' group. By conducting an enrichment analysis using
the GO database, we found that genes with increased expression are more frequently
involved in metabolic pathways responsible for neutrophil degranulation, neutrophil-
mediated immunity, response to external stimuli, and others. Genes with decreased
expression are concentrated in molecular pathways responsible for the metabolism of
cellular nitrogen compounds, nucleobase-containing compound metabolic process,
heterocycles, etc. (Fig. 2).
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Fig. 2. The most significant results of the GO enrichment analysis of molecular pathways for
overexpressed genes (on the left) and underexpressed genes (on the right)
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The master regulator analysis revealed the following results: MAPK3, MMP9, PRL,
MMP2, FLT3, S100AB, ITGB3, ITGA2B, PPARG for genes with increased expression;
PRNP, MAPKS8, ERBB2, ZC3H122D, ITK, NAA30, TRIM3, ESR1, SH3RF2, ADRB2,
KLRC1, KLRD1, PRKCH for genes with decreased expression.

Conclusion: Based on the results of this study, we have identified a number of
differentially expressed genes that potentially explain the more severe progression of
COVID-19, as well as several master regulators whose functions and roles in pathways
enriched with differentially expressed genes make them potential targets for biochemical
and meta-research. The most interesting findings were the genes ALOX15, IL4, and
KNDCL1. ALOX15 has decreased expression in groups with severe progression and lethal
outcomes, indicating an ongoing inflammatory process in the body and a disrupted
mechanism of its termination, potentially leading to a more severe course of the disease
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and outcome [3]. This gene was also identified as a master regulator, making it a
candidate for research as a biomarker and therapeutic target. The group with lethal
outcomes showed decreased expression of the IL4 gene, which encodes a cytokine that
is a key regulator of humoral and adaptive immune responses. Although no direct
association of IL4 with severe disease progression was identified, this gene is of interest
for further study [4]. Our analysis suggests that IL4 is presumably one of the master
regulators for the overexpressed genes in the group with severe disease progression. The
KNDC1 gene, which is involved in signaling, protein recognition, and functional
regulation, shows decreased expression in patients with severe COVID-19 and lethal
outcomes.

Funding: The study was supported by St. Petersburg State University, project ID:
95412780. The study was carried out in cooperation with the Core facility center
Biobank.
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