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ONCOLOGY

RESUME

Understanding the molecular mechanisms underlying the pathogenesis of lung cancer
is critical for developing effective therapeutic strategies. It is important to study the role
of key DNA repair genes, such as BRCA1, CHEK1, etc., in the context of the presence
of aberrations in them and their influence on long-term treatment outcomes.

Thus, the aim of the work was to assess the presence of chromosomal aberrations
and expression in the main genes of the homologous recombination system in lung
tumor.

Materials and methods. The study included 111 patients with non-small cell lung
cancer (NSCLC) stage lIA-IIIB. RNA and DNA were isolated from the surgical material
of normal and tumor tissue. The expression level of HR genes was assessed using RT-
PCR. The presence of chromosomal aberrations and loss of heterozygosity sites was
determined using microarray analysis.

Results. Evaluation of the expression level showed that the presence of hyperexpres-
sion (more than 1) of the RAD51D gene is associated with 100 % metastasis-free sur-
vival (MFS) compared to the group with low expression (67.5 %), log-rank test p = 0.05.
The effect of amplification in the ATM, BRIP1, BRCAT genes on the increase in their
expression was established (at p < 0.05). For the BRCAT gene, an association was es-
tablished between the presence of a deletion and gene hypoexpression (p = 0.00006).
According to Kaplan — Meier curves, in the presence of amplifications in the PPP2R2A
gene in the tumor, the 5-year survival rate is only 50 %, compared to normal copy num-
ber with 85 % survival (p = 0.02). The opposite picture is observed for the BRCA2 gene:
with a deletion, the survival rate is 54 % versus 88 % in the norm (p = 0.001).
Conclusion. It remains important to further research to better understand the interac-
tion between aberrations in the genes of the HR system and the assessment of the ex-
pression profile of these genes and therapeutic responses, which may ultimately lead
to more effective and individualized treatment strategies for NSCLC.

Keywords: non-small cell lung cancer, homologous recombination genes, DNA copy
number aberrations, prognosis, survival, personalized treatment
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PE3IOME

lMoHUMaHue MoneKyApHbIX MexaHU3MOos, Iexxaujux 8 OCHo8e NAamozeHe3d pakda sea-
K020, A8/19emca KpumuyecKu 8aXKHbIM 01 pa3pabomku 3¢hgekmusHbix mepanes-
muyeckux cmpamezul. BaxHelm Agnsaemcsa usyyeHue poJiu K/lo4esblx 2eHO8 penapa-
yuu JHK, makux kak BRCA1, CHEK1 u Op., 8 KoOHmMeKcme Haau4usA HapyueHul 8 Hux
U UX 8/1USHUA HAG 0MOdJieHHble pe3yibmamel ie4eHus.

Leno. OyeHKa Hanu4us XpoMoCOMHbIX abeppayuli U SKCNpeccuu 8 OCHOBHbIX 2eHAX
cucmemsl 20Mos102u4HOU pekombuHayuu (I'P) 8 onyxosu nezkozo.

Mamepuanel u MemoOel. B uccnedosarue 6bi10 8kto4eHo 111 60/16HbIX HEMESKO-
Knemoy4HeiM pakom nezkozo (HMPJI) lIA-IIIB cmaduu. PHK u [JHK eeidensnu u3 one-
PAyUOHHO20 MAMepuaaa HopMasabHOU U onyxosesol mKaHu. YposeHs 3Kcnpeccuu
2eHo8 P ouyeHusanu npu nomowu OT-MLP. Hanu4yue xpomocomHeix abeppauyuli
U yyacmkoe homepu 2emepo3u20mHOCMu NPos8oousIu NpU NOMOUWU MUKPOMAampuy-
HO20 aHanu3a.

Pesynemamel. OyeHka ypo8HA 3Kcnpeccuu noKasasnad, 4mo Hajaudue 2unep3Kcnpec-
cuu (6onee 1) 2eHa RAD51D conpsixeHa co 100 % 6eamemacmamuyeckol sblxusde-
mocmeio (BMB) no cpasHeHuto ¢ 2pynnoti ¢ Huskol skcnpeccuel (67,5 %), log-rank test
p = 0,05. YcmaHoeieHo 8/lusHUe Hanuyus amnaugukayuu e 2eHax ATM, BRIP1, BRCAT
Ha pocm ux akcnpeccuu (npu p < 0,05). lnsa 2zeHa BRCAT ycmaHo8/1eHa c8A3b HAIUYUSA
desleyuu ¢ 2unoskcnpeccueli 2eHa (p = 0,00006). CoenacHo Kpusbim KannaHa — Matie-
pd, npu Haau4duu amnaugukayul 8 2eHe PPP2R2A 8 onyxonu nokazamesnb 5-nemHed
6eamemacmamuueckol sbixxusaemocmu (BMB) cocmasnsem ecezo 50 %, no cpas-
HeHUto ¢ HopmaJsibHoU KonuliHocmebto npu 85 % svixxusaemocmu (p = 0,02). [ina 2eHa
BRCA2 Habnooaemcs npomugonosioxXHAs KApMUHa: npu desfeyuu nokazamesb bMB
cocmasnaem 54 % npomus 88 % e Hopme (p = 0,001).

3aknrodeHue. BaxHbIM ocmaemcs Heobxooumocms OdsbHeliuux ucciedosaHuli
0719 6onee 2/1y60K020 NOHUMAHUA 83aumM0o0elicmaus Mex0y HAPYWEHUAMU 8 2eHAaX
cucmemsl [P u oyeHKoU 3KcnpeccuoHHO20 NPOghusIa OaHHbLIX 2eHO8, U mepanesmuye-
CKUMU omeemamu, Ymo 8 KOHEYHOM Umoze Moxem npusecmu K 6osee 3¢hpekmue-
HbIM U UHOUBUOYANU3UPOBAHHLIM Cmpame2usam nedeHus HMPJI.

Knioyeeoie cnoea: HeMesIKOK/IEMOUHbIU pak /1e2K020, 2eHbl 20M0J102UYHOU peKom-
6uHayuu, abeppayuu yucaa konuti JHK, npoz2Ho3, 8bixUBaeMOCMb, NePCOHAIU3UPO-
8aHHOeE JleyeHue

IOna yntupoBaHuna: LibiraHos M.M., 6parnmosa M.K., LibineHoBa U.A., KpasuoBsa E.A., ba-
AH6aeBa A.A., lWapunxaHoga XK., PoanoHos E.O., BparvHa O.4., Mox A.A., Munnep C.B. Bnu-
AHNE Hannumna abeppaumnin uncna konun JHK 1 n3ameHeHnin B ypoBHe 3KCNpeccumn reHoB
FOMOJIOTMYHON PeKOMOUHALMUM Ha BbIXXMBAEMOCTb GONIbHBIX NEPBUYHO-OMEPabenbHbIM
HeMeJIKOKIeTOUHbIM pakom Nierkoro. Acta biomedica scientifica. 2025; 10(6): 112-122. doi:
10.29413/ABS.2025-10.6.12
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INTRODUCTION

Currently, non-small cell lung cancer (NSCLC) is di-
agnosed at a resectable stage in a significant number
of patients [1]. Approximately 20 % of patients are di-
agnosed with the disease at stages | and Il, and 30 %
are diagnosed at stage lll. For stages ll-lll, complete
resection is the preferred treatment method [2]. How-
ever, the 5-year recurrence rate for these patients can
reach 62 % for stage Il and 76 % for stage Ill. It is im-
portant to note that approximately 48-57 % of patients
with resectable NSCLC who are diagnosed in these
stages receive adjuvant chemotherapy [1]. Non-plat-
inum cytotoxic chemotherapy, such as docetaxel
or pemetrexed, is used as monotherapy after first-line
treatment. Patients who receive this type of treatment
in the adjuvant setting, however, have a poor progno-
sis, with a response rate below 10 % and median pro-
gression-free survival no more than three months [3].
According to current guidelines, platinum-based che-
motherapy is the standard treatment for NSCLC in both
the preoperative and postoperative periods [4, 5].
A meta-analysis evaluating the efficacy of adjuvant cis-
platin therapy has shown that platinum-based chemo-
therapy increases the 5-year overall survival (OS) rate
by 5.4 % in patients with resectable NSCLC [6]. Anoth-
er meta-analysis of 10 studies on patients with NSCLC
who received platinum rechallenge found that the ob-
jective response rate to treatment regimens contain-
ing platinum as a second-line therapy was 27.5 %.
The median progression-free survival was 3.9 months,
and the median overall survival was 8.7 months [7].
These results indicate that the use of platinum dou-
blets as subsequent chemotherapy may be an effec-
tive treatment option. Nevertheless, one of the rea-
sons for chemotherapy inefficiency may be the DNA
repair process, which occurs in response to platinum
drugs and other DNA-damaging chemotherapeutics.
The process of homologous recombination is defined
as the exchange of nucleotide sequence involving spe-
cific enzymes encoded by genes involved in homolo-
gous recombination, one of which is the BRCAT gene
[8]. While BRCAT mutations and epigenetic alterations
are present in both hereditary and sporadic forms
of breast and ovarian cancer, deficiency of BRCAT due
to epigenetic changes or other mechanisms is rare
in lung tumors [9]. Additionally, BRCAT is a molecular
marker for a number of cytotoxic agents, including
platinum-based drugs and those that disrupt the mi-
totic spindle, which can be utilized as first-line treat-
ment for lung tumor patients [10]. Therefore, studying
the various aberrant forms of the BRCAT gene and oth-
er genes involved in homologous recombination may
serve as an additional indicator of chemotherapy effi-
cacy. For example, in a pioneering study, Taron et al.
demonstrated the potential role of BRCAT mRNA ex-
pression in determining the sensitivity of NSCLC to che-
motherapy [11]. In patients treated with gemcitabine
and cisplatin in the neoadjuvant setting, there was

a correlation between the treatment effect and the lev-
el of BRCA1 expression. Patients with a level below 0.61
showed a better outcome, whereas those with a level
above 2.45 showed a worse outcome. Analysis of mu-
tations in the BRCAT and BRCA2 genes in 6,220 NSCLC
patients revealed 64 pathogenic mutations and 699
variants of uncertain significance [12]. The overall fre-
quency of identified mutations was 1.03 % (64/6,220
cases), with a predominance of mutations in the BRCA2
gene (49/64, 76.5 %). A positive association was found
between the presence of these mutations and the risk
of NSCLC development.

With regard to other genes of the homologous
recombination (HR) system, it has been established
that genes, such as serine/threonine protein kinase
(ATM), BRCA1-associated RING domain 1 (BARDT),
BRCA1-interacting protein C-terminal helicase 1
(BRIP1), and poly(ADP-ribose) polymerase 1 (PARPT),
among others, also have high potential for predict-
ing and prognostication [13]. Drug therapy targeting
homologous recombination deficiency (HRD), such
as PARP inhibitors, is commonly used in the treatment
of breast cancer, ovarian cancer, and prostate cancer
[14]. However, due to the presence of genomic insta-
bility and sensitivity to DNA-damaging agents in lung
tumors, PARP inhibitors represent a promising option
for targeted therapy research in this field. Neverthe-
less, this necessitates an understanding of the mu-
tational profiles of these genes in patients with lung
cancer.

AIM

To assess the presence of chromosomal aberra-
tions and expression levels of the main genes involved
in the homologous recombination (HR) system in lung
tumors.

MATERIALS AND METHODS

The study included 111 patients with non-small
cell lung cancer (NSCLC) stages IIA-IlIB, of central
and peripheral localization, and a morphologically con-
firmed diagnosis. The study was conducted in accor-
dance with the Helsinki Declaration of 1964 (amend-
ed in 2013), and with the approval of the local ethics
committee of the institute (Protocol No. 1 dated Jan-
uary 15, 2016). All patients signed informed consent
for their involvement in the study. The patients were
treated at the clinic of the Cancer Research Institute,
Tomsk National Research Medical Center, where they
underwent pneumonectomy or lobectomy. Following
surgery, patients received three courses of adjuvant
chemotherapy (ACT) with “platinum doublet” regimens,
including vinorelbine 25 mg/m? (days 1 and 8)/carbo-
platin AUC 6 (day 2); doxorubicin 50 mg/m?/carboplatin
AUC 6 (day 2); gemcitabine 1,250 mg/m? (days 1 and 8)/
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carboplatin AUC 6 (day 2); carboplatin AUC 6 (day 2)/
paclitaxel 175 mg/m?2. The interval between chemother-
apy courses was 3 weeks. Chemotherapy was adminis-
tered when the patient’s general condition and labora-
tory values within satisfactory and without deviations
from the norm. The main clinical and pathological
characteristics of the patients studied are presented
in Table 1.

Tissue samples. The study material consisted
of surgical material from normal and tumor lung tissues
(~60-70 mm?). Tissue samples were immersed in RNAI-
ater solution (Ambion, USA) and incubated for 24 hours
at +4°C. Following this, the tumor samples were stored
at -80°C for subsequent RNA isolation.

TABLE 1

RNA isolation. RNA was isolated from postoperative
tissue samples (both normal and tumor lung tissues)
from 46 patients using the RNeasy Plus Mini Kit (Qia-
gen, Germany #74134), following the manufacturer’s in-
structions. The RNA concentration was measured using
a Qubit 4.0 fluorometer (Thermo Fisher Scientific, USA)
with an appropriate RNA quantification kit. The concen-
tration ranged from 20 to 500 ng/puL. RNA integrity was
assessed using capillary electrophoresis on a TapeStation
system (Agilent Technologies, USA) and R6K Screen Tape
kit. The RIN value ranged from 5.6 to 9.0. The isolated RNA
was then stored at -80°C in a low-temperature freezer
(Sanyo, Japan) and used for gene expression analysis via
quantitative reverse transcription PCR (RT-gPCR).

CLINICAL AND PATHOLOGICAL PARAMETERS OF PATIENTS WITH LC

Clinical and pathological parameter

Number of patients
(n=111), n (%)

Sex Male 82 (73
Male 29 (26.1
Mean age 60.2 = 0.76 years
Age (years) <50 years 20(18.0)
> 50 years 91 (82.0)
T, 19(17.1)
T, 41 (37.0)
Tumor size T, 42 (37.8)
T, 6(5.4)
No data 3(2.7)
N, 46 (41.5)
N, 24(21.6)
Lymphogenous metastasis N, 34 (30.6)
N, 3(27)
No data 4(3.6)
.. X Central 30 (27.0
Clinical and anatomical form of lung cancer Peripheral 81(73.0)
. . Squamous cell carcinoma 52 (46.8)
gelovichueRe Adenocarcinoma 59 (53.2)
Tvpe of surger Pneumonectomy 26 (23.4)
P gery Pneumonectomy 85 (76.6)
Vinorelbine/carboplatin 36 (32.1)
Chemotherapy regimen Doxorubicin/carboplatin 21(18.9)
pyreg Gemcitabine/carboplatin 41(37.7)
Carboplatin/paclitaxel 13(11.3)



DNA isolation. DNA was isolated from lung tumor
samples (n = 111) using the QlAamp DNA Mini Kit (Qia-
gen, Germany #51304), following the manufacturer’s in-
structions. DNA concentration and purity were assessed
using a NanoDrop-2000 spectrophotometer (Thermo
Scientific, USA). Concentration ranged from 50 to 300 ng/
uL, with A, /A . =2.10-2.35,and A, /A, = 2.15-2.40.
DNA integrity was assessed using capillary electropho-
resis on a TapeStation system (Agilent Technologies,
USA) with the Agilent Genomic DNA ScreenTape System
Quick Guide (Agilent Technologies, USA #5067-5365).
The isolated DNA was stored at -80°C in a low-tempera-
ture freezer (Sanyo, Japan) and used for subsequent mi-
croarray studies.

Quantitative Real-time PCR. The expression lev-
el of homologous recombination genes was assessed
in 46 patients. The expression of BRCAIT, BRCA2,
ATM, BARDI1, BRIP1, CDK12, CHEKI1, CHEK2, FANCL,
PALB2, PPP2R2A, RAD51B, RAD51C, RAD51D, RAD54L,
and PARP1 was assessed using reverse transcription
quantitative real-time PCR (RT-gPCR) with TagMan
technology on a Rotor-Gene-6000 amplifier (Corbett
Research, Australia). PCR was performed in triplicates
in a volume of 15 pL containing 250 uM dNTPs (Si-
benzyme, Russia), 300 nM of forward and reverse
primers, 200 nM probes, 2.5 mM MgCIZ, 1 x SE buffer
(67 mM Tris-HCl pH 8.8 at 25°C, 16.6 mM (NH,),SO,,
0.01 % Tween-20), 2.5 U HotStart Taq polymerase (Si-
benzyme, Russia), and 50 ng cDNA. The amplification
program consisted of a two-step process: initial de-
naturation at 94°C for 10 min., followed by 40 cycles
of 94°Cfor 10 sec., 60°C for 20 sec. Two reference genes
were used as housekeeping genes: GAPDH (glycer-
aldehyde-3-phosphate dehydrogenase) and ACTB
(actin beta). The gene expression levels were mea-
sured in arbitrary units and normalized to the levels
of these genes in the normal tissue. The relative ex-
pression of each gene was assessed using the Pfaffl
method [15], and the following formula (1) was ap-
plied to calculate the expression ratio of the sample
relative to the calibrator:

ACttarget(calibrator—test
(Etarget) get( )

ACtref (calibrator—test
(Ere f ) I )

Ratio =

where E is the reaction efficiency, Ct is the threshold
cycle of target genes and reference genes. ACt, target(-
calibrator - test) = Ct of the target gene in the calibrator
minus Ct of the target gene in the test sample; ACt, ref(-
calibrator - test) = Ct of the reference gene in the cali-
brator minus Ct of the reference gene in the test sam-
ple. The RNA isolated from normal tissue was used
as the calibrator.

Microarray analysis was conducted to assess
the presence of copy number variations in the DNA.
High-density CytoScan™ HD Array microarrays (Affy-
metrix, USA), containing 1.9 million non-polymorphic
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markers for copy number aberration analysis, were
used. Sample preparation, hybridization, and scanning
were performed according to the manufacturer’s proto-
col on an Affymetrix GeneChip® Scanner 3000 7G system
(Affymetrix, USA). Chromosome Analysis Suite 4.1 soft-
ware (Affymetrix, USA) was used to analyze the results
obtained from the CytoScan™ HD Arrays. The software
identified unbalanced chromosomal aberrations - dele-
tions and amplifications (loss and gain) - as well as loss
of heterozygosity (LOH) sites. In the event of “loss’,
the software detected a loss of gene copy number;
in the event of “gain’, it identified the presence of three
or four copies of a gene.

Statistical analysis was performed using Statis-
tica 8.0 software (StatSoft Inc., USA). For each sample,
the arithmetic mean and standard error of the mean
were calculated. The Wilcoxon - Mann - Whitney test
was used to test for significant differences between
the groups. Statistical significance was determined
at p < 0.05. For the analysis of metastasis-free survival
(MFS), Kaplan - Meier survival curves were used [16].
The log-rank test was used to compare the statistical
significance of differences between the groups.

RESULTS

At the initial stage of the study, the expression
levels of the major homologous recombination genes
in lung tumor tissues were assessed in 46 patients
(Fig. 1A). The lowest mean expression was characteris-
tic of the BRCA2 gene: 0.3 £ 0.12. The serine/threonine
protein phosphatase 2A gene (PPP2R2A) also had a rel-
atively low mean expression of 0.53 + 0.08. In contrast,
three genes showed significantly higher expression lev-
els: CHEK2 (1.20 £ 0.17), CHEK1 (1.74 £ 0.21), and RAD51L
(1.93 £ 0.54).

Next, using the Kaplan - Meier method, the asso-
ciation between MFS and the expression of HR genes
was assessed in a group of 46 patients. Distant metas-
tases developed in 11 patients (23.9 %) within 5-52
months after diagnosis. The one-year MFS was 87.8 %,
the 2-year MFS was 85.0 %, and the 5-year MFS was
68.6 %. Considering that the assessment of gene ex-
pression levels was performed relative to normal tissue,
according to the statistical characteristics of our sam-
ple, patients can be divided into two analysis groups:
patients with hyperexpression of the gene (expression
>1) and patients with hypoexpression (expression <1).
Only for one gene were statistically significant differenc-
es shown at the borderline level (Fig. 1B). For patients
with RAD51D hyperexpression, a 100 % metastasis-free
survival was observed compared to patients with low
expression (67.5 %). The log-rank test showed a p-value
of 0.05.

Given that, there are various regulatory mecha-
nisms of gene expression, microarray analysis was used
to investigate large-scale chromosomal rearrangements
that lead to either loss or gain in gene copy number,



FIG. 1.
The expression level of the main genes of homologous recombination in lung tumor tissue (A) and the curves of metastasis-free survival
depending on the expression level of the RAD51D gene (B)

TABLE 2

FREQUENCY OF CHROMOSOMAL ABERRATIONS IN HOMOLOGOUS RECOMBINATION GENES IN LUNG
TUMORS

Loss

1 ()
Chromosomal aberrations, n (%) of heterozygosity sites

Gene Localization
Gain n Loss LOH n
BRCA2 139131 2(1.8) 96 (86.5) 13(11.7) 18(16.2) 93 (83.8)
PPP2R2A 8p21.2 6(5.4) 87 (78.4) 18(16.2) 17 (15.3) 94 (84.7)
RAD51C 17922 18(16.2) 91 (82) 2(1.8) 44 (39.6) 67 (60.4)
RAD51B 14924.1 6(5.4) 99 (89.2) 6(5.4) 70 (63.1) 41 (36.9)
FANCL 2p16.1 13(11.7) 97 (87.4) 1(0.9) 23 (20.7) 88(79.3)
PALB2 16p12.2 8(7.2) 99 (89.2) 4(3.6) 33(29.7) 78 (70.3)
ATM 11922.3 4(3.6) 98 (88.3) 9(8.1) 32(28.8) 79(71.2)
RAD51D 17912 13(11.7) 95 (85.6) 3(2.7) 21(18.9) 90 (81.1)
CDK12 17912 13(11.7) 95 (85.6) 3(2.7) 21(18.9) 90 (81.1)
BRCAT1 17921.31 21(18.9) 85 (76.6) 5(4.5) 57 (51.4) 54 (48.6)
PARP1 1942.12 32(28.8) 77 (69.4) 2(1.8) 21(18.9) 90 (81.1)
BARD1 2935 2(1.8) 104 (93.7) 5(4.5) 18(16.2) 93 (83.8)
BRIP1 17923.2 11(9.9) 98 (88.3) 2(1.8) 79(71.2) 32(28.8)
CHEK2 22q12.1 13(11.7) 91 (82) 7 (6.3) 28 (25.2) 83 (74.8)
CHEK1 11924.2 8(7.2) 92 (82.9) 11(9.9) 15(13.5) 96 (86.5)
RAD54L 1p34.1 8(7.2) 98 (88.3) 5(4.5) 39 (35.1) 72 (64.9)

Note. Gain - increase in copy number; Loss — deletion; n - normal gene copy number (no changes); LOH - loss of heterozygosity.
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as well as the presence of loss of heterozygosity (LOH)
sites in the genes under study. It was found that these
aberrations can significantly affect the expression pro-
file of genes, and consequently, the chemosensitivity
and reparative capacity of tumor cells.

In order to assess the frequency of chromosomal
abnormalities and LOH sites in HR genes within lung
tumor tissue, 111 patient samples were analyzed
(Table 2).

It was shown that the highest frequency of dele-
tions occurred in the BRCA2 (11.7 %, 13/111 cases),
PPP2R2A (16.2 %, 18/111 cases), and CHEK1 (9.9 %,
11/111 cases) genes. At the same time, the highest
frequency of copy number increase was established
for PARP1 (28.8 %, 32/111 cases), RAD51C (16.2 %,
18/111 cases), and BRCAT (18.9 %, 21/111 cases) genes.
With regard to loss of heterozygosity sites, maximum
values were reached in the BRIP1 gene (71.2 %, 79/111
cases). Additionally, 63.1 % and 51.4 % of patients had
LOH in RAD51B and BRCAT genes, respectively. The low-
est frequency of LOH was characteristic of two genes:
CHEK1 and PPP2R2A, at 13.5 % and 15.3 % respectively
(15/111 and 17/111 cases).

FIG. 2.

Then, using the expression values for the stud-
ied genes (for 46 patients), we assessed the influence
of DNA copy number aberrations and loss of hetero-
zygosity on the expression of these genes (Fig. 2).
As a result of the analysis, a direct relationship was
found between increased copy number in the ATM
gene and high expression levels (Fig. 2A). The mean ex-
pression value with a normal gene state was 0.5 + 0.07
compared to 3.39 £ 0.72, p = 0.001. A similar result was
found for the BRIP1 gene: an increase in copy num-
ber was associated with hyperexpression: 0.88 + 0.29
versus 2.27 + 0.67, respectively (p = 0.004) (Fig. 2C).
For the BRCAT gene, the presence of a deletion was
statistically significantly associated with a low expres-
sion level: 0.02 £ 0.01 (p = 0.00006), and an increase
in copy number with a high level: 1.64 + 0.36 (p = 0.05),
compared to the normal copy number of this gene
(0.87 £ 0.12) (Fig. 2B).

Survival analysis established that the aberrant
states only in the PPP2R2A and BRCA1 genes affect this
parameter (Fig. 2D and 2E). In particular, in the pres-
ence of an increased copy number in the PPP2R2A
gene in lung tumor surgical material, the 5-year

The influence of the presence of chromosomal aberrations and the level of expression of the genes ATM (A), BRCA1 (B) and BRIP1 (C),
curves of metastasis-free survival depending on the presence of aberrations in the number of DNA copies of the gene PPP2R2A (D) and

BRCAT1 (E),n =46
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metastasis-free survival rate is only 50 %, com-
pared to a normal copy number with 85 % survival
(log-rank test p = 0.02). Interesting data were shown
for the BRCA2 gene. According to previously obtained
data [17] and literature data, the presence of a dele-
tion, as well as other mechanisms of gene expression
suppression, should affect the formation of homolo-
gous recombination deficiency and, as a consequence,
higher treatment efficacy. In this case, the opposite
picture is observed for the BRCA2 gene: with a de-
letion, the MFS rate is 54 % versus 88 % in the norm
(log-rank test p = 0.001). In addition, for some genes,
a correlation was shown between increased copy
number and MFS rates (data not shown). In particular,
for the RAD51C gene, it was shown that with increased
copy number, the survival rate was 70 %, which is low-
er compared to the norm (86 %), p = 0.1. A similar trend
was observed for the CHEK2 gene, with a survival rate
of 67 % compared to 85 %, p = 0.06. Although the pres-
ence of loss of heterozygosity sites in the studied
gene group was not statistically significantly associ-
ated with survival, a strong trend was shown for two
genes, ATM and BRIP1 (p = 0.06 and p = 0.1). Moreover,
the presence of loss of heterozygosity favorably in-
fluenced long-term treatment results: 94 % and 87 %
5-year MFS rates for ATM and BRIP1, respectively, com-
pared to 80 % and 77 % under normal conditions.

DISCUSSION

DNA copy number variations are a type of genetic
variation that can affect cell physiology and the devel-
opment of various diseases by disrupting gene func-
tion or altering their expression. In tumor cells, this
is quite a common phenomenon, and the presence
of this type of aberration may be associated with the ef-
fectiveness of treatment with certain chemotherapeu-
tic drugs and affect long-term treatment outcomes
[18]. It has been established that CHEK1 amplification
causes overexpression of this gene and is associated
with a poor prognosis in lung cancer patients. More-
over, gene expression varies within a single tumor,
and cells with high expression levels are more prone
to metastasis [19].

The RAD51 gene family plays a crucial role
in the homologous recombination process and DNA
repair, as well as genomic stability. It may also be in-
volved in carcinogenesis and cancer treatment [20].
Our study found that high RAD51D expression is asso-
ciated with 100 % MFS. However, other studies have
found that the expression of a related gene, RAD51C,
is associated with resistance to platinum-based
chemotherapy in 56 NSCLC patients. In these cas-
es, high RAD51C expression in 67 % of cases (23/34
patients) was found to be associated with lack of re-
sponse to chemotherapy (stabilization and progres-
sion), compared to 36 % (8/24 patients) with low
expression, p = 0.021 [20]. In addition, high RAD51C
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expression closely correlated with lower overall sur-
vival (p = 0.036) and disease-free survival (p = 0.02)
[20]. Interestingly, high expression levels of RAD51
paralogous genes in breast cancer was also associat-
ed with improved progression-free survival (p < 0.01)
[21]. The opposite result was shown in lung can-
cer: a high level of RAD51 expression was observed
in 29.4 % (100 out of 340) of cases. Patients with tu-
mors that demonstrated high levels of RAD51 expres-
sion had a significantly shorter median overall sur-
vival (19 vs. 68 months in the low expression group),
p < 0.0001 [22]. It has been established that RAD51D
is overexpressed in many tumors, and this phenome-
non is especially observed in cells with BRCA deficien-
cy [23]. A possible explanation for this may be com-
pensation for genetic instability during malignant
progression caused by the presence of homologous
recombination deficiency [24]. Supporting this hy-
pothesis, studies have found that a decrease in BRCAT
expression often correlates with an increase in RAD51
expression, suggesting that cells are attempting
to compensate for HRD. However, such compensation
is not always effective and may, on the contrary, lead
to increased genomic instability and, as a result, af-
fect treatment efficacy [25].

A similar result regarding expression was observed
for the PPP2R2A gene. Kalev P, et al. showed that the ex-
pression level of PPP2R2A was lower in lung tumor tis-
sue than in normal tissue [26]. Moreover, deletion
or the presence of LOH sites in this gene are rare events
[27] that correlate with decreased expression, which
in turn is associated with high sensitivity of tumor cells
to PARP inhibitors [26].

An interesting result was obtained for BRCA2. Our
study showed that the expression level of this gene
in tumor tissue is the lowest among all HR genes
studied (Fig. 1) and there is a high frequency of dele-
tions (Table 2). This correlates with a poor prognosis
for the disease. However, according to literature data,
the presence of HRD in tumor cells due to BRCA2 mu-
tation is associated with sensitivity to PARP inhibitors
and DNA-damaging agents [28]. For example, the treat-
ment results of a patient with metastatic lung adeno-
carcinoma showed that in the presence of a germline
pathogenic mutation p.Phe2801LysfsTer11, a positive
response to olaparib was observed after the disease had
become resistant to chemotherapy, targeted therapy,
and immunotherapy and progressed. The combination
of olaparib and anlotinib achieved partial regression
with increased survival [29], although studies in other
localizations (gastric cancer, colorectal cancer, etc.) have
shown that BRCA2 hypoexpression leads to low overall
survival rates (less than 20 %), p < 0.001 [30]. Regard-
ing other genes of the homologous recombination sys-
tem, it has been established that the ATM, BARD1, BRIP1,
PARP1, and other genes have a high predictive and prog-
nostic potential in various types of cancer [13]. Despite
this, our study did not find a statistically significant as-
sociation of the studied parameters with survival rates.



CONCLUSION

Thus, in this study, various genetic markers
with prognostic potential were studied. Of these,
the expression level of RAD51D was found to be partic-
ularly significant, with higher expression being asso-
ciated with 100 % metastasis-free survival. This makes
this marker a potentially valuable tool for progno-
sis. Analysis of chromosomal aberrations revealed
that deletions in the BRCA2 and PPP2R2A genes have
a significant impact on survival and treatment efficacy.
The presence of loss of heterozygosity sites in the ATM
and BRIP1 genes is associated with a more favorable
prognosis, leading to increased 5-year survival rates,
although this effect is only seen as a strong trend.
The findings from this study are significant for under-
standing the biological mechanisms of tumor cells
and for identifying genes and biomarkers that could
serve as potential targets for predicting and monitor-
ing the prognosis of patients with lung cancer during
treatment.
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