BykoBuHChkHi Menuuanuii Bicauk. 2026. T. 30, Ne 2 (118)

V]IK 616.98:578.834]-036.1-07:575.117'224

ISSN 1684-7903 http://e-bmv.bsmu.edu.ua

Original research

MULTIOMIC PATTERN OF TMPRSS2 (RS12329760) GENE REGULATORY EFFECTS:
MQTL, PQTL AND TUQTL IN COVID-19

Sokolenko M.O., Sydorchuk L.P.

Bukovinian State Medical University, Chernivtsi, Ukraine

Key words: COVID-19, TMPRSS2
gene (rs12329760), methylation
quantitative trait loci (mQTL),
protein quantitative trait loci
(pQTL), transcript usage
guantitative trait loci (tuQTL), serine
protease, enzymes, mechanisms,
inflammation, SARS-CoV-2.

Bukovinian Medical Herald. 2026. V.
30, Ne 2 (118). P. 41-46.

DOI: 10.24061/2413-
0737.30.2.118.2026.7

E-mail: sokolenko_maks@ukr.net
Isydorchuk@ukr.net

Objective — of the study was to analyse multiomic characteristics of TMPRSS2
(rs12329760) gene regulatory effects — mQTL, pQTL and tuQTL and to explore
its potential implications for COVID-19-related molecular pathways.

Material and methods. Genotyping of the TMPRSS2 gene (rs12329760) locus
was performed in 48 patients with a mild course and 72 patients with moderate-
to-severe COVID-19. Genomic DNA was extracted from peripheral blood
leukocytes, and allelic discrimination of the target SNP was conducted using RT-
PCR. mQTL, pQTL and tuQTL associations of rs12329760 (TMPRSS2) were
identified using the QTLbase database within a +10 Mb cis-window
(chr21:42852497, hgl9). Effect sizes (p), standard errors (SE), and p-values
were extracted for each association. Gene and transcript annotation, including
ENSG and ENST identifiers, were verified using the Ensembl (GRCh37/hg19
assembly) to ensure standardized gene nomenclature and accurate transcript-
level mapping.

Results. In patiens blood, rs12329760 of the TMPRSS2 gene was found to be
associated with methylation changes at the MX1 locus (cg10833439), where the
effective T allele suppressed mQTL activity (f=-0.0086; p=1.680e-4). In the
prefrontal cortex, rs12329760 showed a positive, although statistically
insignificant, association with MX1 pQTL levels ($=0.0679-0.0588; p=0.0539—
0.0871), indicating possible context-dependent proteomic modulation. In iPSC
stem cells, rs12329760 of the TMPRSS2 gene was also found to be associated
with 21 cis-regulatory transcript usage associations spanning 11 polymorphic
loci. The variant demonstrated bidirectional tuQTL effects: suppression of
BACE2 (ENST00000330333), MX1 (ENST00000486275; ENST00000619682)
and C2CD2 (ENST00000482084) transcripts (f=-0.5201—0.2906; p=0.0075-
8.660e-5), while enhancing alternative isoforms of BACE2 (ENST00000491838),
C2CD2 (ENST00000467074) and MX1 (ENST00000490220) transcripts
($=0.4545-0.2525; p=0.0065-9.260e-4).

Conclusions. Therefore, the multiomic analysis of mQTL, pQTL and tuQTL data
confirms the functional significance of rs12329760 of the TMPRSS2 gene as a
regulatory genetic modifier, and the detected bidirectional modulation of MX1
and other immune-related genes indicates its possible impact on antiviral
response pathways associated with SARS-CoV-2 infection.

MYJIb THOMHHH ITATEPH PET'YISATOPHHX E®EKTIB TEHA TMPRSS2 (RS12329760):
MQTL, POTL TA TUQTL ITPH COVID-19

Cokonenko M.O., Cuoopuyx JLII.

Kniouoei cnosa: COVID-19, cen
TMPRSS?2 (rs12329760), noxycu
KIIbKICHUX O3HAK MEeMUI08aHH s
(mQTL), 10Kycu KintbKiCHUX O3HAK
oinka (pQTL), nokycu KinbKicHUX
O3HAK GUKOPUCMAHHS
mpancxkpunmy (tuQTL), cepunosa
npomeasa, pepmenmu, mMexaHizmu,
sananenus, SARS-CoV-2.

bykosuncokuti meouunuil 8iCHUK.
2026. T. 30, Ne 2 (118). C. 41-46.

Mema pobomu — npoaunanizyéamu — MYIbMUOMHI — XAPAKMEPUCTIUKU
peaynamopnux eqpexmie 2ena TMPRSS?2 (rs12329760) — mQTL, pOTL ma tuQTL,
a maxkoxc 00CALOUMuU ix NOMeHYIHUL 6NJIUE HA MOJEKYISPHI ULTAXU, NO8'S3aHI 3
COVID-19.

Mamepian i memoou. I'enomunysanns aokycy eena TMPRSS2 (rs12329760)
nposedeno 6 48 nayienmis 3 reckum nepebicom ma 72 nayienmis i3 COVID-19
cepednboeo ma maickoeo cmynens. Ienomny [JTHK excmpazosano 3 netikoyumis
nepughepuynoi kpogi, a anenvry OUcKpuminayio yinboeozo SNP nposederno 3a
donomoeorw RT-PCR. Acoyiayii mQTL, pOQTL ma tuQTL zena rs12329760
(TMPRSS?2) ioenmucpixosani 3a donomoeoro bazu oanux QTLbase y medxcax cis-
gikna +10 M6 (chr21:42852497, hgl9). [ina koocHoi acoyiayii Oyau ompumani
posmipu epexmis (f), cmanoapmui nomunxu (SE) ma p-3nauenns. Anomayiio
2enie ma mpanckpunmis, exuouaroyy ioewmugpixamopu ENSG ma ENST,
nepegipeno 3a Oonomoeoww Ensembl (GRCh37/hgl9) ons 3abesneuenns
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CManOapmu308anoi HOMEHKIAMYpU 2eHi6 ma MOYHO20 KAPMYEAHHs HA DIGHI
MPAHCKPUnmie.

Pe3ynomamu. Busgneno, wo y xposi xeopux rs12329760 ecema TMPRSS2
nog'szanuil 3i 3minamu memuniosanns 6 aoxyci MXI (cgl0833439), oe
epexmusnuti anens T npuenivysae axmusnicms mQTL ($=-0,0086; p=1,680e-4).
Y npegpommanvuii  xopi rs12329760 nokazaé nozumusHuil, Xxoua U
CMamucmuyHo Henauyuuil, 36'a30k iz pisuamu MX1 pQTL ($=0,0679-0,0588;
p=0,0539-0,0871), wo exazye Ha MoHCIUBY KOHMEKCMHO-3ALENHCHY NPOMEOMH)
mooyasyir. Y cmosbyposux knimunax iPSC maxodc 0yno eusgneno, wjo
rs12329760 cena TMPRSS2 nog’sizanuu 3 21 acoyiayicto 8uxopucmaHus yuc-
PE2YIAMOPHO20 MPAHCKpUNmy, wo oxonmowoms 11 norimopguux nokycie.
Bapianm npodemoncmpyeas oeonanpasneni egexmu tuQTL: npucniuenus
mpanckpunmie  BACE2 (ENST00000330333), MXI (ENST00000486275;
ENST00000619682) ma C2CD2 (ENST00000482084) (p=-0.5201—0.2906;
p=0.0075-8.660e-5), oonouacno nocunoYU arbmMepHAmMueHi  i30¢hopmu
mpanckpunmie BACE2 (ENST00000491838), C2CD2 (ENST00000467074) ma
MX1 (ENST00000490220) (=0.4545-0.2525; p=0.0065-9.260e-4).
Bucnoexu. Taxum uunom, mynomuomnui ananiz oanux mQTL, pQTL ma tuQTL
niomeepodicye  QyHkyionanvhe 3HavenHs VS$12329760 ecena TMPRSS2  sax
PecYIAMOPHO20 2eHeMUYHO20 MOOugikamopa, a 6usgieHd OB80HANPABIeHd
mooynayis MXI ma inwux imyHoacoyiiogaHux 2eHig 6xa3ye HA il MOMCIUSUL
6NIU6 HA WLTLAXU NPOMUBIPYCHOI 8i0n06i0i, nos'azani 3 ingexyiero SARS-CoV-2.

Introduction. The COVID-19 pandemic caused by
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has upended the daily life of individuals around the
world, with historic numbers of cases, deaths and profound
socioeconomic disruption worldwide [1, 2]. Among
different genes potentially involved in COVID-19, the
association between the polymorphisms of renin-
angiotensin-aldosterone system-related genes, i.e., ACE2
and TMPRSS2 and the severity of COVID-19 disease have
been the most investigated [3]. In fact, ACE2 rs2285666
and TMPRSS2 rs12329760 single  nucleotide
polymorphisms (SNPs) have been investigated in several
studies, although their results are controversial. Some
studies have correlated the T (A) allele of the TMPRSS2
rs12329760 [4] SNPs with lower severity of COVID-19 in
an Indian population.

The rs12329760 variant of the TMPRSS2 gene is
located in the coding part of the gene. According to the
predictions of some bioinformatics software, this variant
can decrease enzyme activity and stability; hence
activation of the SARS-CoV-2 and its entry into host cells
are diminished [5]. Therefore, this variant has been
predicted to have a protective effect against SARS-CoV-2
infection. Interestingly, this variant has been proposed as
one of the candidate gene variants in justifying the high
incidence and COVID-19-related mortality rate in the
Italian population compared to the other European and
Asian countries [6]. The gene encoding TMPRSS2 is
located on chromosome 21 at 21g22.3. It is highly
polymorphic, considering the variations in frequencies
according to the studied population, and the literature
presents two SNPs as potential modulators of the infectious
process caused by SARS-CoV-2: rs2070788 and
rs12329760 [7]. rs12329760 is characterized by a
substitution of the T allele for C at position 589 of the gene,
a promoter region, and is therefore classified as a missense
mutation, replacing a valine with a methionine at position
160, the T allele appears to be related to lower expression
of the TMPRSS2 protein, with moderate catalytic activity
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[8].

Existing systems science approaches allow us to
consider genetic variants not only as structural changes in
proteins, but also as regulatory factors that affect the
multilevel organization of gene expression. Accordingly,
the analysis of mQTL (methylation quantitative trait loci),
pQTL (protein quantitative trait loci) and tuQTL (transcript
usage quantitative trait loci) opens up the possibility of
qualitatively assessing the impact of SNPs on epigenetic
modifications and alternative transcript usage [9]. Despite
the availability of data on eQTL effects of TMPRSS2 [10],
a comprehensive multiomic characterization of mQTL,
pQTL and tuQTL effects of rs12329760 in the context of
COVID-19 is practically absent. Thus, there is a need for a
systems study that will combine genetic, transcriptomic
and proteomic levels to clarify the functional role of
rs12329760.

The aim of the study was to analyse multiomic
characteristics of TMPRSS2 (rs12329760) gene regulatory
effects — mQTL, pQTL and tuQTL and to explore its
potential implications for COVID-19-related molecular
pathways.

Research materials and methods.

Identification of Genetic Polymorphisms. Genotyping
of the TMPRSS2 (rs12329760) locus was performed in 72
patients with moderate to severe COVID-19 and 48
patients with mild disease. Genomic DNA was extracted
from peripheral blood leukocytes using the Thermo
Scientific™ GeneJET™ Whole Blood Genomic DNA
Purification Mini Kit following the manufacturer’s
instructions, and allelic discrimination of the targeted SNP
was performed using RT-PCR. mQTL, pQTL, and tuQTL
associations of rs12329760 (TMPRSS2) were identified
using the QTLbase database within a £10 Mb cis-window
(chr21:42852497, hg19). Effect sizes (B), standard errors
(SE), and p-valueswere extracted for each association.
Gene and transcript annotations, including ENSG and
ENST identifiers, were verified wusing Ensembl
(GRCh37/hg19 assembly) to ensure standardized gene
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nomenclature and accurate mapping at the transcript level.

The study was conducted in accordance with
international ethical and bioethical principles in
accordance with ICH-GCP standards, the Declaration of
Helsinki (1964 as amended), the Council of Europe
Convention on Human Rights and Biomedicine (1997),
and current Ukrainian legislation. The study protocol was
reviewed and approved by the Bioethics Committee of the
Bukovina State Medical University (Protocol No. 2,
October 2025). Written informed consent was obtained
from all participants before inclusion in the study.

Statistical Analysis. All statistical analyses were
performed in accordance with contemporary biomedical
research standards using Statistica 13.0 software (StatSoft
Inc., USA, license No. JPZ8041382130ARCN10-J). The >
(Pearson) test was employed to assess differences in
genotype frequency distributions. The significance of
differences  between independent samples  with
approximately normal distributions was evaluated using
Student’s t-test, whereas the Wilcoxon—-Mann-Whitney U
test was applied for non-normally distributed data.
Statistical significance was accepted at p < 0.05.

Results and their discussion. The heatmap of the
methylation quantitative trait locus (mQTL) rs12329760 of
the TMPRSS2 gene in blood, in interaction with the MX1
gene within a single association (cis-regulation) region (*

for rs12329760 (+/- 10M region)

10M; chr21:42852497 (hgl19)), is shown in Figure 1. The
rs12329760 variant of the TMPRSS2 gene suppresses the
mQTL activity of the MX1 gene (cgl0833439
(chr21:42793818)) in blood through the effective T allele
of interaction (f=-0,0086; SE= 0,0021; p=1,680e-4).

The protein quantitative trait locus (pQTL) rs12329760
of the TMPRSS2 gene in the prefrontal cortex, in
interaction with the MX1 gene within two associations via
cis-regulation (£ 10M region; chr21:42852497 (hgl9)), is
shown in Figure 2. The rs12329760 variant of the
TMPRSS2 gene enhances the activity of the pQTL locus
of the MX1 gene (P20591 (chr21:42792231-42831141)) in
the prefrontal cortex through the effective T allele of
interaction; however, the association is not statistically
significant ($=0,0679-0,0588; SE= 0,0344; p=0,0539-
0,0871).

The transcript usage quantitative trait loci (tuQTL)
rs12329760 of the TMPRSS2 gene in iPSC stem cells, in
association with 11 gene polymorphisms through 21 cis-
regulatory interactions (x 10M region; chr7:150690079
(hg19)), are presented in Figure 3.

The list of Ensembl genes (ENSG), including merged
transcripts (ENST) with coding sequences within the
tuQTL gene loci interacting with TMPRSS2 via
rs12329760 in iPSC stem cells, is provided in Table 1.
Transcripts belonging to the same gene identifier (MX1,
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Fig. 1. Heatmap visualization of the methylation quantitative trait locus (mQTL) for dbSNP: rs12329760 of the
TMPRSS2 gene in blood, in interaction with the MX1 gene within a single association (cis-regulation) region (+ 10M;
chr21:42852497 (hg19)). The color intensity of each cell corresponds to the mQTL median -log10 (Median P)
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Fig. 2. Heatmap of the protein quantitative trait locus (pQTL) for dbSNP: rs12329760 of the TMPRSS2 gene in the
prefrontal cortex, in interaction with the MX1 gene within two associations via cis-regulation (= 10M region;
chr21:42852497 (hg19)). The color intensity of each cell corresponds to the pQTL median -log10 (Median P)
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Fig. 3. Heatmap of transcript usage quantitative trait loci (tuQTL) for dbSNP: rs12329760 of the TMPRSS2 gene in
iPSC stem cells, in association with 11 gene polymorphisms and 21 associations (via cis-regulation) (£ 10M region;
chr7:150690079 (hg19)). The color intensity of each cell corresponds to the tuQTL median -log10 (Median P)

BACE?2) differ in transcription start and end sites, splicing
events, and exon composition, and may give rise to
substantially different proteins. Clusters of overlapping
transcripts lacking coding sequences are annotated as
separate genes. Transcripts overlapping within non-coding
sequences (i.e., intronic regions or UTR — UnTranslated
Region) are classified as distinct genes. The interaction of

ENST00000486275), BACE2 (ENST00000330333), and
C2CD2 (ENSTO00000482084) was associated with
suppression of their activity (p$=-0,5201-/-0,2906/;
p=0,0075-8,660e-5). In contrast, interaction of rs12329760
with  other transcripts of the MX1 gene
(ENST00000490220; ENST00000490220) and the genes
C2CD2 (ENST00000467074) and BACE2

rs12329760 with transcripts of the MX1 gene (ENST00000491838) was accompanied by increased
(ENST00000486275; ENST00000619682;  tuQTL activity (=0,4545-0,2525; p=0,0065-9,260e-4).
Table 1
Transcript usage quantitative traits (tuQTL) of the TMPRSS2 gene (dbSNP: rs12329760) in iPSC stem cells
. . . Effective allele of .
Gene influencing transcript usage interaction. Effect size f. SE P

MX1 -0,4996- | 0,1231- | 8,660e"-
(ENSG00000157601.grp_1.contained. ENST0000048 - 1-0.2906 / 0.1467 0.0052
6275; chr21:42792232-42831141) ' ’ '
MX1 4
ENSG00000157601.grp._1.contained. ENST00000490 - 0,4057-0,2830 | ALO% | 000 -
220; chr21:42792232-42831141 ’ '
MX1
ENSG00000157601.grp_1.contained. ENST00000619 - -0,5201 0,1473 5,860e-4
682; chr21:42792232-42831141
MX1
ENSG00000157601.grp_2.contained.ENST00000486 ) -0,4982-/- 0,1213- | 7,240e°-
275; 0,4162/ 0,1462 0,0052
chr21:42792232-42831141
MX1
ENSG00000157601.grp_2.contained.ENST00000490 ) ) 0,1280- | 9,260e*-
220; 0.4345-0,2525 | ‘50892 | 0,0054
chr21:42792232-42831141
C2CD2
57N4§600000157617.grp_l.contalned.ENSTOOOOO467 ) 0,4250 0,1535 0,0065
chr21:43305222-43373999
C2CD2 ENSG00000157617.grp_1.contained.
ENST00000482084; - -0,4222 0,1552 0,0075
chr21:43305222-43373999
BACE2
§%$600000182240.grp_2.contalned.ENST00000330 ) 04722 0,1529 0,0025
chr21:42539729-42654445
BACE2 ENSG00000182240.grp_2.contained.
ENST00000491838; - 0,4545 0,1559 0,0042
chr21:42539729-42654445

Note. SE (standard error) — standard error.

Based on the results obtained, it can be stated that
various forms of interaction between genes that determine
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the individual immune response and the TMPRSS2 gene in
patients with COVID-19 are capable of forming complex
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networks of regulatory connections, which in turn affect
the clinical outcome of the disease. Specific changes in
DNA methylation can qualitatively modify both the level
of gene expression and the stability of transcripts and
alternative splicing [11]. The diverse use of transcripts
(tuQTL) determines the spectrum of protein isoforms that
significantly differ in functional activity [12]. At the same
time, proteomic variations (pQTL) directly demonstrated
the level of functionally active molecules in target tissues
quite clearly.

By conducting a study of the tissue-specific effects of
rs12329760 in blood, brain and pluripotent stem cells
(iPSC), we were able to characterize the systemic nature of
the regulatory changes that occur during coronavirus
disease. Taking into account the known neurotropic nature
of SARS-CoV-2 and the numerous neurological
complications that have been recorded in COVID-19
patients [13], analysis in brain tissue certainly has
additional pathogenetic value. At the same time, the
systemic immune response was reflected in the results of
our study in the blood, and the identified iPSC models open
up prospects for modern functional interpretation of
genetic variants that can determine individual

characteristics of the course of COVID-19, as well as
contribute to the formation of the basis for the creation of
personalized approaches in predicting the risk of
developing severe forms of the disease and effective
therapeutic management.

Conclusions. Therefore, the multiomic analysis of
mQTL, pQTL and tuQTL data confirms the functional
significance of rs12329760 of the TMPRSS2 gene as a
regulatory genetic modifier, and the detected bidirectional
modulation of MX1 and other immune-related genes
indicates its possible impact on antiviral response
pathways associated with SARS-CoV-2 infection.

Prospects for further research. It is promising to
combine multiomic data with clinical phenotypes of
COVID-19 in order to assess the prognostic significance of
this variant for the severity of the disease and to develop
personalized approaches to risk stratification. An important
direction also remains the analysis of interpopulation
differences in allele frequency and its regulatory effects.
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