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Abstract. Chronic obstructive pulmonary disease (COPD) is a multifactorial disease of the respiratory system and is the
third leading cause of death worldwide. In the framework of the most relevant concepts of COPD pathogenesis, the
key focus is on accelerated cellular senescence. FOXO family transcription factors are important hub components of
cellular senescence signaling pathways. The objective of the study is to identify the association of FOXOT (rs12585277,
rs9549240), and FOXO3A (rs2253310, rs3800231) genes polymorphic variants with COPD and disease phenotypes.
DNA samples from COPD patients (N = 710) and healthy individuals (N = 655) were used, polymorphic loci were
analyzed by real-time PCR. For the first time, significant associations of FOXO1 (rs12585277) and FOXO3A (rs2253310)
gene polymorphic loci with COPD and disease phenotypes were shown. Association with COPD was established
with FOXOT (rs12585277) (P,q; = 0.0018, OR = 1.44 for the AG genotype) and FOXO3A (rs2253310) (P,q; = 5.926 x 107,
OR = 1.99 for the GG genotype). A significant genotype-dependent variation of smoking index (in pack/years), vital
capacity and forced vital capacity was revealed for FOXOT (rs9549240, rs12585277) and FOXO3A (rs2253310) loci. Mul-
tiple regression and ROC analysis identified highly informative COPD risk model, which included polymorphic variants
of the FOXOT (rs12585277) and FOXO3A (rs2253310) genes, smoking index and age (P =5.25x 10-93, AUC = 0.864). The
multivariate regression model of the COPD “frequent exacerbator” phenotype included the AG genotype of FOXO1
(rs12585277), smoking index and age (AUC = 0.897, P = 4.1 x 10-86). FOXO family transcription factors involved in
autophagy, oxidative stress and cellular homeostasis may provide a platform for a new diagnostic and treatment
strategy for COPD as potential biomarkers and targets for therapy.
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AHHoTauuA. XpoHnyeckas o6CTpYKTUBHAA 6onesHb fierkmux (XOBJT) — MHoropakTopHoe 3aboneBaHvie AblXxaTeNbHOM
cUCTeMbl, ABNIAETCA TpeTbel BeayLuein (Nocne nwemmyeckor 6onesHn cepaua v MHCYNbTa) NPUYNHON CMePTU B MUPE.
B pamkax Hanbonee akTyasnbHbIX KOHLeNuMin natoreHesa XOBJ1 KnoueBoe 3HaueHve yaenaeTca YCKOPEHHOMY Khe-
TOUYHOMY CTapeHuIo. TpaHCKpUNUMOHHble dakTopbl cemeicTBa FOXO — BaxHble KitoueBble KOMMNOHEHTbI CUTHANbHbIX
nyTeln KNeToYyHoro ctapeHus. Llenb nuccnegosaHma — BbisBNEHMe accoumaLmmn nonuMopdHbIX BapraHTos reHoB FOXO1
(rs12585277,rs9549240) n FOXO3A (rs 2253310, rs3800231) ¢ pa3suTriem XOBJ1 n peHoTunamm 3abonesaHua. B pabo-
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Bknag reHoB FOXO1 n FOXO3 B pa3BuTue
XPOHMNYECKOW 06CTPYKTUBHOI OONE3HM Nerkmx

Te ncnonb3oBaHbl 06pa3ubl JHK 6onbHbix XOBJT (N = 710) 1 3g0poBbix uHAMBKMAOB (N = 655). MonmopdHble NoKycbl
aHanusnposanu metogom MNLUP B peanbHom BpemeHW. BriepBble nokasaHbl 3HauMMble accoumaumy noanMopedHbIX
nokycos reHoB FOXOT (rs12585277) n FOXO3A (rs2253310) ¢ XOBJ1 n peHoTmnamm 3a6oneBaHna. Accoumanma ¢ XOBbJ1
yCTaHoBMEHa ¢ nokycamu reHos FOXOT (rs12585277) (P,q; = 0.0018, OR = 1.44 renotnn AG) n FOXO3A (rs2253310)
(Padj =5.926x10-7, OR = 1.99 reHoTnn GG). O6Hapy»xeHa BaprabesibHOCTb NMoKasaTenell MHAEKCa KypeHus (B naykax/
NET), XU3HEHHOW eMKOCTUN Nerknx n GopCcnpoBaHHON »KU3HEHHON €MKOCTU NIErKUX B 3aBUCUMOCTY OT noanmopd-
HbIX BapuaHToB nokycoB FOXOT (rs9549240 v rs12585277) n FOXO3A (rs2253310). NpeHTnduruymposaHa 3Hauyrmas
MHorodakTopHas perpeccmoHHan mogens ¢opmrposaHua XOBJ1, B KOTopyio BOWAN NOANMOPHbIe BapyaHTbl reHOB
FOXOT1 (rs12585277) n FOXO3A (rs2253310), uHAeKC KypeHus 1 Bo3pacT obcniegyembix (P =5.25x10-93, AUC = 0.864).
MHorodakTopHas perpeccuoHHasa mogenb pa3suTua ¢eHotuna XOBJT ¢ yacTbiMm 060CTPEHUAMM BKJTIOYaa reHoTuUn
AG nokyca FOXO1 (rs12585277), uHpekc KypeHusa n sospacT (AUC = 0.897, P = 4.1 X 10-86). CBA3aHHble C ayTodarmen,
OKMC/INTENbHBIM CTPECCOM Y KIIETOYHBIM FOMEOCTa30M TPaHCKPUMLMOHHbIe GpakTopbl cemerncTBa FOXO Kak noteHUu-
anbHble 6MoMapKepbl ¥ MULLEHW A1A Tepanuy MOTyT CTaTb OCHOBOW /1A pa3paboTKy HOBOW CTpaTernn AMarHoCTUKN
1 NIeYeHNA XPOHNYECKON 0OCTPYKTUBHOW 60NE3HM NEerkux.

KnioueBble cnoBa: XxpoHuyeckas o6cTpyKTuBHaA 6one3Hb nerkux (XOBJ1); kneTouHoe ctapeHune; aytodarna; okucnm-

TesbHbIN CTPECC; TPAHCKPUNUUOHHbIe GpakTopbl cemelicTBa FOXO; FOXOT1; FOXO3

Introduction

Chronic obstructive pulmonary disease (COPD) is a
complex respiratory disease affecting the distal respira-
tory tract and pulmonary parenchyma with the develop-
ment of pulmonary emphysema (Agusti et al., 2023).
COPD is the third leading cause of death in the world,
which explains the ongoing search for new approaches
to diagnosis, treatment and prevention of the disease
development (Agusti et al., 2023). Although intensive
research has been conducted on both the molecular
background and various clinical aspects of COPD, the
mechanisms underlying the pathogenesis of COPD
and different disease phenotypes remain incompletely
understood (Brandsma et al., 2020).

COPD development results from exposure to a com-
plex of risk factors over a long period of time, with
tobacco smoking being the main one. Cigarette smoke
exposure to airways leads to oxidative stress and acti-
vation of inflammatory cells and lung tissue damage
(Domej et al., 2014). The most actual framework for
COPD pathogenesis focuses on accelerated cellular
senescence (Luo et al., 2024). As a fundamental mecha-
nism for maintaining tissues and organs homeostasis,
cellular senescence is being mediated by multiple
processes. The most important of them include DNA
damage, telomere loss, mitochondrial dysfunction, and
autophagy and proteostasis alterations (Li et al., 2024).
Previously, we have demonstrated the contribution of sir-
tuin family genes and the PI3K/AKT signaling cascade
to COPD (Korytina et al., 2023). The FOXO transcrip-
tion factors are major targets of the PI3K/AKT signaling
cascade, exerting insulin-dependent regulation of cel-
lular metabolism (Farhan et al., 2020). The mammalian
FOXO class of transcription factors currently includes
four proteins: FOXO1 (FKHR), FOXO3a (FKHRLI),
FOXO04 (AFX), and FOXO6 (Santos et al., 2023). The
FOXO transcription factors regulate the expression of a

number of genes for antioxidant defense, cell cycle and
apoptosis, proliferation, metabolism, and are involved
in repression of mitochondrial respiratory chain proteins
(Hagenbuchner et al., 2013).

The aim of this study was to identify the association
of FOXO family transcription factor gene polymorphic
variants (FOXO1, FOXO3) with COPD and disease
phenotypes.

Materials and methods

This study was designed according to the “case-control”
principle. DNA samples from unrelated individuals,
ethnic Tatars, who were residents of the Republic of
Bashkortostan, were used in the study. The work was
approved by the Ethics Committee of the Institute of
Biochemistry and Genetics of the UFRC RAS (Protocol
No. 19, dated November 1, 2022). Informed voluntary
consent for the use of biological material in the study was
obtained from all the participants. The inclusion and ex-
clusion criteria had been described previously (Korytina
et al., 2019). The diagnosis of COPD was established
according to recommendations of the working group on
the “Global Strategy for the Diagnosis, Treatment, and
Prevention of Chronic Obstructive Pulmonary Disease”
(http://goldcopd.org) on the basis of clinical and labo-
ratory instrumental studies, including high-resolution
computed tomography and spirometry.

The control group included unrelated individuals with
no history of chronic diseases, including respiratory
diseases and acute respiratory diseases at the time of
biomaterial collection, matched for sex, age, smoking
status, exposure to risk factors, region of residence,
and ethnicity. The inclusion criteria in the control
group were the normal parameters of respiratory
function (FEV,/FVC > 70 %, FEV,| > 80 %) and age
over 45 years. To identify genetic markers associated
with COPD phenotypes, we performed a comparison
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between the control group and patients differentiated
by disease phenotype as we described previously
(Korytina et al., 2020) (Supplementary Table S1)!. Two
phenotypes were distinguished: group 1 — COPD with
frequent exacerbations; group 2 — patients with rare
exacerbations. In the Table S1, the characteristics of the
groups are summarized.

Genotyping. DNA was isolated from peripheral blood
leukocytes by phenol-chloroform extraction. The poly-
morphic loci of the FOXOL1 (rs12585277, 1s9549240)
and FOXO3A (rs2253310, rs3800231) genes were
selected; the functional significance of SNPs was ana-
lyzed by means of RegulomeDB Version 1.1 (https://
regulomedb.org), SNPinfo Web Server (https://snpinfo.
niehs.nih.gov), and HaploReg v3 (Ward, Kellis, 2016)
(Table S2). Bioinformatics analysis indicated that the
selected SNPs affected gene function in different tissue
types or were in linkage disequilibrium with functional
loci of the gene. SNPs were analyzed using real-time
polymerase chain reaction (PCR) with commercially
available assays with fluorescent detection (https://
www.oligos.ru, DNA Synthesis LLC, Russia) using
BioRad CFX96™ (Bio-Rad Laboratories, Inc, USA).
The methods of analysis had been previously described
by our group in detail (Korytina et al., 2019)

Statistical analyses. The description of standard
statistical analysis methods was provided previously
(Korytina et al., 2019). Analysis of deviation of obtained
genotype frequencies from the Hardy—Weinberg equi-
librium and the association of SNPs with the disease in
the basic allele test and in regression models (dominant,
recessive, additive (per rare allele dose — increase in the
rare allele dose in the series: homozygote for frequent
allele (0) — heterozygote (1) — homozygote for rare al-
lele (2)) and overdominance (for heterozygotes)) were
performed using the SNPassoc package v. 2.0-2 for R
(Gonzalez et al., 2007). An SNP was considered to be
associated at P < 0.05; correction for multiple compari-
sons was conducted using the assessment method for
the proportion of received false-positive results, false
discovery rate (FDR), via online tool (https://tools.carbo
cation.com/FDR). The haplotype frequencies and link-
age disequilibrium structure LD (D', r2)) were calculated
with Haploview 4.2. The contribution of polymorphic
variants of the studied genes to the variability of quanti-
tative traits indicating the severity of airway obstruction
(lung function parameters — vital capacity (VC), forced
vital capacity (FVC), forced expiratory volume in the
first second (FEV)) and smoking index was determined
using linear regression. The logistic regression approach

1 Supplementary Tables S1-S5 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Markelov_Engl_29_6.pdf
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with stepwise imputation of independent variables was
used to create multivariate regression models. The SNPs
of'the studied genes, as well as clinical and demographic
parameters (age, smoking index, smoking status, sex)
were selected as independent variables.

A regression model is an equation in which the
dependent variable is represented as a function of the
independent variables (predictors). The log-regression
equation has the form:

Y =logit (P) = In(P/(1-P)) =

=B0+B1.X1+p2.X2+... Bi.Xi,
where Y is the dependent variable (status: 0 — control,
1 —case), X is the independent variable, 0 is a constant,
B is the regression coefficient for the independent vari-
able, X1...i is the value of the independent variable. The
exponent of the individual regression coefficient B was
interpreted as the odds ratio (OR). The hypothesis of
significance of the whole model, taking into account all
independent variables, was verified using the likelihood
ratio (LR) test. To evaluate the effectiveness of the ob-
tained prognostic model, the Nagelkerke R? value and
receiver operating characteristic (ROC) curve analysis
were performed. The capacity of the regression model
to discriminate between positive and negative cases
(patient or healthy status) was assessed by the area under
the ROC curve (AUC); the AUC value ranged from 0.5
(no discriminatory capacity of the model) to 1.0 (perfect
discriminatory capacity). Calculations were carried out
using SPSS v. 22.

Results

The analysis of polymorphic loci of the FOXO1
(rs12585277, 1s9549240) and FOXO3A (152253310,
rs3800231) genes was carried out in the formed groups
of COPD patients and the control group. The observed
genotype frequencies of all examined SNPs in the con-
trol group were in accordance with the Hardy—Weinberg
test: FOXO1 (rs12585277) (Py_w = 0.597), FOXO1
(rs9549240) (Pyy_y = 0.341), and FOXO3A (rs2253310)
(Py_w = 0.3191), (rs3800231) (Py_yw = 0.3831). Sub-
sequently, we estimated the statistical significance of
differences in distribution of allele and genotype fre-
quencies between the groups, and the odds ratio values
for the minor allele of each locus were calculated (basic
allelic test) (Table 1).

At the next stage, logistic regression was used to
analyze the association of SNPs taking into account
quantitative and binary traits (sex, age, smoking status
and index), which were introduced into the regression
equation as independent variables (Table 1).

Statistically significant differences in genotype
frequency distributions between groups for FOXO1
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Table 1. Allele and genotype frequencies of the examined polymorphic loci of the FOXOT and FOXO3A genes
in the groups of COPD patients and healthy individuals, association analysis with COPD

Gene Minor Genotypes, alleles  COPD Control Pagj Por-FDR OR, g
RefSNP allele model n (%) n (%) (95 % Cl)
(N=710) (N =655)
FOXO1 A GG/GA/AA 202/398/110 236/307/112 0.002 0.006 -
rs12585277 (28.45/56.06/15.49) (36.03/46.87/17.10)
G>A G/A 802/618 779/531 0.123 0.208 0.88 (0.76-1.03)
(56.48/43.52) (59.47/40.53)
GG 202 (28.45) 236 (36.03) 0.003 0.008 1.00
GA+AA 508 (71.55) 419 (63.97) 1.42(1.11-1.82)
Dominant
GG+AA 312 (43.94) 348 (53.13) 0.0018 0.006 1.00
GA 398 (56.06) 307 (46.87) 1.44(1.14-1.81)
GG+GA 600 (84.51) 543 (82.9) 0.5 0.54 1.00
AA 110(15.49) 112(17.10) 0.90 (0.66-1.23)
Recessive
Log-additive - - 0.12 0.208 1.15 (0.97-1.36)
FOXO1 T GG/GT/TT 414/244/52 356/240/59 0.32 0416 -
rs9549240 (58.31/34.37/7.32) (54.35/36.64/9.01)
T>G G/T 1072/348 952/358 0.101 0.202 1.15(0.97-1.37)
(75.49/24.51) (72.67/27.33)
GG 414 (58.31) 356 (54.35) 0.17 0.209 1.00
GT+TT 296 (41.69) 299 (45.65) 0.85 (0.67-1.07)
Dominant
GG+TT 466 (65.66) 415 (63.36) 0.43 0.516 1.00
GT 244 (34.37) 240 (36.64) 0.79 (0.52-1.21)
GG+GT 658 (92.68) 596 (90.99) 0.52 0.54 1.00
T 52(7.32) 59(9.01) 0.85 (0.67-1.07)
Recessive
Log-additive - - 0.13 0.208 0.87 (0.73-1.04)
FOXO3A A GG/GA/AA 184/380/146 199/336/120 0.22 0.31 -
rs3800231 (25.92/53.52/20.56)  (30.38/51.30/18.32)
A>G G/A 748/672 734/576 0.86 0.86 0.87 (0.75-1.02)
(52.68/47.32) (56.03/43.97)
GG 184 (25.92) 199 (30.38) 0.096 0.202 1.00
GA+AA 526 (74.08) 456 (69.62) 1.25 (0.96-1.63)
Dominant
GG+AA 330 (46.48) 319 (48.70) 047 0.537 1.00
GA 380 (53.52) 336 (51.30) 1.09 (0.86-1.38)
GG+GA 564 (79.44) 535(81.68) 0.33 0.416 1.00
AA 146 (20.56) 120 (18.32) 1.16 (0.86-1.57)
Recessive
Log-additive - - 0.097 0.173 1.16 (0.97-1.38)
FOXO3A C GG/GC/CC 572/129/9 447/183/25 9.733x 1077 5.8398x10°% -
rs2253310 (80.56/18.17/1.27) (68.24/27.94/3.82)
G G/C 1273/147 1077/233 1.54x107 1.848x107  0.53(0.43-0.67)
(89.65/10.35) (82.21/17.79)
GG 572 (80.56) 447 (68.24) 5.926x107 4.7408x10° 1.00
GC+CC 138 (19.44) 208 (31.76) 0.52 (0.40-0.67)
Dominant
GG+CC 581 (81.83) 472 (72.06) 4111x107 0.0001 1.00
GC 129 (18.17) 183 (27.94) 0.57 (0.44-0.75)
GG+GC 701 (98.73) 630 (96.18) 0.0003 0.0012 1.00
CcC 9(1.27) 25(3.82) 0.32(0.14-0.72)
Recessive
Log-additive - - 1451x107 1.848x10°  0.54(0.43-0.68)

Note. P - significance level of differences in allele and genotype frequencies between the groups (32 test for homogeneity of samples); regression
analysis: number of individuals included in regression analysis (N = 1,365); P,g; - significance of the likelihood ratio test of the log-regression model
controlling for sex, age, and smoking status and index; ORadj - odds ratio controlling for all these factors, 95 % Cl - 95 % confidence interval for OR;
Peor.For — test significance after correction.
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(rs12585277) (P = 0.002) were found. The associa-
tion with COPD was established in a dominant model
(Pagj = 0.003, OR = 1.42), the frequency of the hetero-
zygous genotype in the COPD patient group reached
56.06 % versus 46.87 % in controls (Pagj = 0.0018,
OR = 1.44).

Significant differences in the distribution of geno-
type and allele frequencies between the patients group
and healthy individuals were found for the FOXO3A
(rs2253310) (P =9.733 x 107 and P = 1.54 x 1077,
respectively). Association with COPD was found in
dominant (P,gj = 5.926 x 107, OR = 0.52), recessive
(Pagj = 3.360 x 1073, OR = 0.32), log-additive models
(Pagj = 1.451 x 1077, OR = 0.54), and with the hetero-
zygous GC genotype (Pygj = 4.111 x 1073, OR = 0.57).
Notably, the frequent G allele (P = 1.54 x 1077,
OR = 1.87 95 % CI 1.50-2.33) and the GG genotype
(Pagj=5.926 x 107, OR =1.99 95 % CI 1.57-2.47) were
more often observed in the COPD group.

There was no statistically significant difference be-
tween the groups of patients and healthy individuals
for the FOXO1 (rs9549240) and FOXO3A (rs3800231)
polymorphic loci.

Haplotype analysis of FOXO1 and FOXO3A genes
polymorphic loci
The linkage disequilibrium between loci rs12585277 and
1s9549240 of the FOXO1 gene (D' =0.6183, r* = 0.429)
and statistically significant differences in the pattern of
haplotype frequency distribution of the FOXO1 gene
between the group of COPD patients and controls
(P =0.045) were revealed (Table S3). The frequency of
the A-G haplotype at rs12585277 and rs9549240 loci
was significantly higher in the group of COPD patients
(24.26 vs. 18.81 % in controls, Pag;=0.011, OR = 1.33).
The linkage disequilibrium between polymorphic loci
rs3800231 and rs2253310 of the FOXO3A gene was
observed (D'=0.3315, r>=0.1452) (Table S3). Statisti-
cally significant differences in the haplotype frequency
distribution pattern were established between the group
of COPD patients and controls (P = 0.00001). The fre-
quency of haplotype A-G at rs3800231 and rs2253310
loci was significantly higher in the COPD group (40.27
Vs. 32.56 % in controls, Pogj = 0.03, OR = 1.25), whereas
haplotypes A-C and C-C were more frequent in the group
of healthy individuals (Pag; = 0.0076, OR = 0.65 and
Pagj = 0.0072, OR = 0.51, respectively).

Association analysis of polymorphic variants of the FOXO1
and FOXO3A genes with different COPD phenotypes

In order to identify genetic markers associated with
COPD phenotypes, we performed a comparison of the
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control group and patients differentiated by disease
phenotypes according to the GOLD classification (http://
goldcopd.org); this classification included an integral
assessment of the COPD phenotype taking into account
the number of exacerbations per year, results of COPD
assessment test (CAT) and medical research council
dyspnea scale (MRC), and lung function parameters
(Table 2).

Statistically significant associations with the COPD
phenotype with frequent exacerbations were obtained
for FOXO1 (rs12585277) in the dominant model
(Pagi = 0.001, OR = 1.65) and for the heterozygous
genotype (Pagj = 0.0005, OR = 1.653); and for FOXO3A
(rs2253310) in the dominant (Pag;= 0.0002, OR = 0.55)
and log-additive models (Pag; = 0.0001, OR = 0.58). It
should be noted that the homozygotes for the frequent
allele G of FOXO3A (rs2253310) were more frequent in
patients (OR = 1.81 95 % CI 1.32-2.49). The frequency
of the A-G haplotype at rs12585277 and rs9549240
loci of the FOXOL1 gene was higher in the COPD group
(24.29 vs. 18.81 % in controls, P,q; = 0.022, OR = 1.36
95 % CI 1.05-1.76) (Table S4).

In COPD patients with rare exacerbations, a sig-
nificant association was confirmed only for FOXO3A
(rs2253310) in the dominant (Pg; =0.00001, OR = 0.48)
and log-additive (Pag; = 0.00001, OR = 0.5) models.
The GG genotype of FOXO3A (rs2253310) (OR =2.09
95 % CI 1.53-2.88) and the A-G haplotype at rs3800231
and rs2253310 loci of FOXO3A (P,gj=0.032, OR = 1.31
95 % CI 1.02—1.67) were more frequent in the patient

group.

Association of FOXO1 and FOXO3A polymorphic loci

with lung function parameters and smoking index
Smoking is a major risk factor for COPD and a trigger
for the oxidative stress that results in DNA damage and
cell apoptosis (Domej et al., 2014). The analysis of the
quantitative parameter indicating the smoking intensity
and history (smoking index) in the smokers’ group, in-
cluding both patients and healthy individuals, depending
on the polymorphic variants of the FOXO1 and FOXO3A
genes was performed (Table S5). It has been established
that the GT genotype of FOXOL1 (rs9549240) and the
GG genotype of FOXO3A (rs2253310) are associated
with higher smoking index values (P = 0.0042 and
P=0.012).

Lung function parameters including vital capacity
(VC), forced vital capacity (FVC), forced expiratory
volume in the first second (FEV)), ratio of forced expi-
ratory volume in 1 s to vital capacity (FEV,/FVC) are
key clinical variables indicating the degree of airway
obstruction in COPD and disease progression. The indi-
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Table 2. Results of association analysis of FOXO7 and FOXO3A gene polymorphic loci

in groups differentiated by COPD phenotypes

Gene, SNP Minor allele Genotype, model OR,q; (95 % ClI) Pagj Peor-FOR
COPD with rare exacerbations (N=991)
FOX01 A GG 1.00 0.16 0.18
rs12585277 GA+AA Dominant 1.22 (0.93-1.60)
G>A Log-additive 1.06 (0.89-1.28) 0.51 0.51
FOXo1 T GG 1.00 0.099 0.148
rs9549240 GT+TT Dominant 0.80 (0.61-1.04)
T>G Log-additive 0.84 (0.68-1.03) 0.094 0.148
FOXO3A A GG 1.00 0.12 0.154
rs3800231 GA+AA Dominant 1.27 (0.94-1.72)
A>G Log-additive 1.20 (0.99-1.46) 0.063 0.148
FOXO3A C GG 1.00 4.961x1077 2.232x107°
rs2253310 GC+CC Dominants 0.48 (0.35-0.65)
&6 Log-additive 0.50 (0.38-0.67) 1.373x1077 1.235x107®
COPD with frequent exacerbations (N =1,029)
FOXo1 A GG 1.00 0.001 0.0022
rs12585277 GA+AA Dominant 1.65 (1.22-2.24)
G>A GG+AA 1.00 0.0005 0.0015
GA 1.63 (1.24-2.15)
Log-additive 1.32(1.12-1.49) 0.045 0.081
FoXo1 T GG 1.00 0.44 0.44
rs9549240 GT+TT Dominant 0.90 (0.68-1.18)
6 Log-additive 0 0.33 0.371
0.90 (0.73-1.11)
FOXO3A A GG 1.00 0.19 0.28
rs3800231 GA+AA Dominant 1.24 (0.90-1.71)
A>G Log-additive 0 0.31 0.371
1.12 (0.90-1.38)
FOXO3A C GG 1.00 0.0002 0.0009
rs2253310 GC+CC Dominant 0.55 (0.40-0.76)
&6 Log-additive 0.58 (0.44-0.77) 0.0001 0.0009

Note. N - number of individuals included in regression analysis; P,q; - significance of the likelihood ratio test of the log-regression model controlling
for sex, age, and smoking status and index; OR,q; — 0dds ratio controlling for all these factors, 95 % Cl - 95 % confidence interval for OR; Pco.gp - test

significance after correction.

viduals with the homozygous GG genotype of FOXO1
(rs9549240) had lower VC values (P = 0.0071); the car-
riers of the A allele in the homozygous and heterozygous
state (dominant model) of FOXO1 (rs12585277) had
lower FVC values (P = 0.04).

Multiple regression and ROC analysis

At the final stage, using multiple regression analysis
with a stepwise forward inclusion of predictors followed
by ROC analysis, a search for complex clinical-genetic
models of COPD development was carried out. The
genotypes or alleles of the studied genes were selected
as independent variables, subsequently clinical and
demographic variables (sex, age, smoking status and

smoking index) were added and the most significant
multivariate regression models were selected. The lung
function parameters were excluded, as they are classi-
cal and well-identified predictors of COPD and disease
severity.

The informative regression model of COPD de-
velopment included polymorphic variants of FOXO1
(rs12585277) (AG genotype), and FOXO3A (1s2253310)
(C allele) genes, smoking index and age of the subjects
(P = 5.25 x 10793) (Table 3). The ROC analysis of
the model demonstrated its high ability to discrimi-
nate between COPD patients and healthy individuals
(AUC=0.864, sensitivity — 78.3 %, specificity — 82.3 %)
(see the Figure a).
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ROC-curve ROC-curve ROC-curve
1.0 1.0 1.0
0.8 | 0.8 | 08
> AUC=0.864 AUC=0.897 AUC=0.823
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2
c
(]
Y 04t 0.4+ 04+f
COPD COPD with frequent COPD with rare
02r 02r exacerbations 02 exacerbations
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
1 - specificity 1 - specificity 1 - specificity

Area under the curve (ROC curve) to evaluate the effectiveness of prognostic regression models of COPD development (a); COPD phenotype with
frequent exacerbations (b); COPD phenotype with rare exacerbations (c) including significant clinical, demographic and genetic predictors.

AUC is the area under the curve. Full model characteristics are presented in Table 3.

Table 3. The predictive regression models for COPD development

Independent variable B Puald OR 95 % Clog
COPD

Smoking index 0.04 4x1072° 1.04 1.03-1.05

Age 0.08 1.55x 1073 1.08 1.07-1.1

FOXO1 (rs12585277) AG 0.33 0.0415 1.39 1.01-1.91

FOXO3A (rs2253310) C -0.46 0.0037 0.62 0.46-0.86

Intercept -5.66 9.4x10™4 0.003

2> =43574P=525%x10"%
AUC = 0.864 (sensitivity — 78.3 %, specificity — 82.3 %, R? = 0.483)

COPD with frequent exacerbations

Smoking index 0.050 1.96x 1078 1.05 1.04-1.06
Age 0.115 2.46x10730 1.12 1.1-1.14
FOXO1 (rs12585277) AG 0.530 0.0123 1.7 1.12-2.57
Intercept -8.756889 6.5x 107 0.0002

x> =398.76 P=4.1x107%
AUC = 0.897 (sensitivity - 69.6 %, specificity — 90.9 %, R? = 0.57)

COPD with rare exacerbations

Smoking index 0.035 84x10714 1.04 1.03-1.05
Age 0.064 57x1071° 1.07 1.05-1.08
FOXO3A (rs2253310) C -0.469 0.0168 0.63 0.43-0.92
Intercept -4.992 4.7%x107% 0.01

> =22529P=14x10"8
AUC = 0.823 (sensitivity — 54.5 %, specificity - 91.7 %, R? = 0.384)

Note. B -the beta coefficient for the independent variable; P, ., - the significance for Wald statistics (Wald statistic is the regression coefficient divided
by the square of the standard error: B/SE?), indicates the significance of the independent variable; OR — odds ratio, represents the exponent of the beta
coefficient (expp) for the independent variable; xz - the likelihood ratio test (LR), is necessary to test the hypothesis of the significance of the regression
model, taking into account all independent variables; P - the value for the likelihood ratio test; R? - Nagelkerke R? model quality indicator - reflects the
proportion of variability in the trait; intercept for the regression equation, the value of the dependent variable at which the independent variable is
equal to zero; AUC - area under the curve; sensitivity — the proportion of correctly classified patients with a given diagnosis; specificity — the proportion

of correctly classified healthy individuals. The ROC curves are presented in the Figure.
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Assignificant multifactorial regression model of COPD
phenotype with frequent exacerbations included the
AG genotype of FOXO1 (rs12585277), smoking index
and age; the regression model was characterized by a
high ability to discriminate between patients and healthy
individuals (AUC = 0.897, P = 4.1 x 10-8¢). However,
sensitivity, a measure of the model’s ability to cor-
rectly classify patients with a given COPD phenotype
from healthy individuals, was only 69.6 %; at the same
time, the model accurately classified healthy individu-
als, as it possessed high specificity (90.9 %) (see the
Figure b).

The multifactorial regression model for COPD
phenotype with rare exacerbations included the C al-
lele of FOXO3A (rs2253310), smoking index and age
(P = 1.4 x 1048). The ROC analysis of the obtained
model demonstrated its moderate discriminatory abil-
ity (AUC = 0.823), low sensitivity (54.5 %), but high
specificity (91.7 %) (see the Figure C).

Discussion

The association of FOXO1 (rs12585277) with COPD
and the COPD phenotype with frequent exacerbations
was established; haplotype A-G at rs12585277 and
1$9549240 of FOXO1 was more frequent in the general
COPD group and among patients with frequent exacer-
bations. The FOXOL1 (rs12585277) AG genotype is part
of multivariate regression model of COPD development
and the COPD phenotype with frequent exacerbations,
as well as predictors such as age and smoking index.
A decline in lung function values indicating the severity
of airway obstruction was revealed: FVC in carriers of
homozygous and heterozygous genotype for the rare
Aallele of FOXOL1 (rs12585277), and VC in carriers of
the GG genotype of the FOXO1 locus (rs9549240). The
variability of smoking index parameter was determined
depending on FOXOL1 (rs9549240) genotypes.

FOXOL1 is located on chromosome 13q14.11 (https://
www.ncbi.nlm.nih.gov/gene/2308). Previously, a num-
ber of polymorphic loci of FOXO1 have been shown to
be associated with type 2 diabetes mellitus and obesity
(Hussain et al., 2022; Santana et al., 2024). The studies
on the association of polymorphic variants of the FOXO1
gene with COPD have not been conducted yet. T. Xue
et al. (2024) have identified increased levels of FOXO1
mRNA and protein in the lung tissue of mice with lung
emphysema model. Meanwhile, FOXO1 expression has
been shown to be downregulated in the blood of COPD
patients (Zhu et al., 2020).

The most significant associations with COPD were ob-
served with FOXO3A (1s2253310); the G allele and the
GG genotype were more frequent in the patient group.
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This association maintained significance regardless of
the disease phenotype. The GG genotype was associated
with an increased smoking index among all smokers;
this quantitative measure characterizes smoking dura-
tion and intensity. The increase in smoking index is a
major risk factor for COPD; the obtained results may
be related to a higher prevalence of individuals with a
high smoking index (more than 40 pack/years) among
COPD patients with the GG genotype of FOXO3A
(rs2253310). According to the multiple regression analy-
sis results, the rs2253310 locus is a significant predictor
for COPD development in general, in addition to FOXO1
(rs12585277), age and smoking index.

The FOXO3A gene is located on chromosome 6q21
(https://www.ncbi.nlm.nih.gov/gene/2309). The associa-
tion of polymorphic variants in the FOXO3A gene with
longevity (Soerensen et al., 2015) and a number of age-
associated diseases (Klinpudtan et al., 2022; Cao et al.,
2023) has been shown. Association studies of FOXO3A
gene polymorphic loci with COPD have not been pre-
viously conducted.

Systemic effects are typical for COPD, resulting in
the development of severe complications that addition-
ally exacerbate the disease progression in some patients
(Agusti et al., 2023). Due to changes in the COPD di-
agnosis and prevention strategy (http://goldcopd.org), a
great attention of researchers is currently focused on the
identification of different disease phenotypes markers
and effective determination of the patients with frequent
exacerbations, as this category of COPD patients is
characterized by a rapid progression of airway obstruc-
tion and increased mortality (Geerdink et al., 2016). It
was shown that heterozygous genotype AG of FOXO1
(rs12585277) and genotype GG of FOXO3A (rs2253310)
were significantly more frequent in the group of COPD
patients with frequent exacerbations. The results of
multivariate regression analysis demonstrated that the
regression model for discriminating COPD patients with
frequent exacerbations from healthy individuals had the
highest efficiency parameters (such as AUC and R2 lev-
els). It can be explained by the greater homogeneity of
the patients’ group with this phenotype. The obtained
data suggest that the most informative genetic marker for
COPD phenotype with frequent exacerbations, among
those that showed an association, is the AG genotype of
FOXO1 (rs12585277).

The association of FOXO1 and FOXO3A gene po-
lymorphic loci with COPD or disease phenotypes has not
been studied before. For the first time, we investigated
the role of genes encoding FOXO transcription factors
in the disease development. The current interest is based
on the fact that FOXOs regulate the expression of pro-
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teins related to autophagy, oxidative stress and cellular
metabolism (Hagenbuchner, Ausserlechner, 2013; Gui,
Burgering, 2022).

The activation of FOXOT1 has been demonstrated to
suppress oxidative stress-induced apoptosis of epithelial
cells in a model of bronchopulmonary dysplasia (Zang
et al., 2023). FOXOI1 stimulates the expression ofa
150 kDa oxygen-regulated protein (ORP150) and in this
way protects airway epithelial cells from endoplasmic
reticulum stress mediated by cigarette smoke exposure
(Liu et al., 2018). The inhibition of FOXO1 stimulates
the related processes of autophagy and endoplasmic
reticulum stress (Guo et al., 2022) and induces pheno-
typic conversion of pulmonary macrophages, which
contributes to inflammation and airway remodeling
(Chung et al., 2019).

It has been shown that FOXO3 activity suppresses
cellular senescence and pathological airway remodeling
induced by cigarette smoke exposure (Yao et al., 2012);
on the other hand, inhibition of FOXO3 expression
promotes the accumulation of NF-kB in the nucleus
and stimulates its pro-inflammatory transcriptional
activity (Di Vincenzo et al., 2018). All these processes
are important pathogenetic mechanisms contributing to
COPD development. The oxidative stress induced by
cigarette smoke stimulates the transcriptional activity of
FOXO03, leading to the activation of FOXO1 expression
and stimulating its binding to the promoters of autophagy
protein genes (ATG5, ATG12, ATG16), beclin protein 1
(BECLIN1) and microtubule-associated protein 3 alpha
light chain 1 (LC3) genes (Bagam et al., 2021). The an-
tioxidant function of FOXO3 is determined by increased
expression of the SOD2, CAT, and GPX1 genes, which
play a key role in the regulation of reactive oxygen spe-
cies (ROS) homeostasis in lung cells as a response to
oxidative stress (Mahlooji et al., 2022).

H. Jiang et al. (2023) established that activation of
FOXO3A under stress factors leads to cellular adapta-
tion and reduced cellular senescence, whereas suppres-
sion of FOXO3A activity is associated with greater
mitochondrial injury in pulmonary epithelial cells. The
insufficient level of FOXO3, which may be associated
with functional polymorphic variants as well, leads to
suppression of antioxidant gene expression, resulting
in the development of oxidative stress as a response to
cigarette smoke exposure (Hwang et al., 2011).

Therefore, FOXO transcription factors play a key role
in the normal functioning of mitochondria, preventing
the oxidative stress and in this way inhibiting the pro-
gression of lung epithelial cellular senescence (Chen et
al., 2021), a critical pathogenetic mechanism of COPD
development.
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Conclusion

For the first time, significant associations of FOXO1
(rs12585277) and FOXO3A (rs2253310) gene polymor-
phic loci with COPD and disease phenotypes have been
shown. The FOXO family transcription factors related
to autophagy, oxidative stress and cellular homeostasis,
as potential biomarkers and targets for therapy, may
provide a platform for a new diagnostic and treatment
strategy for COPD.
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