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Abstract

DNA double-strand breaks (DSBs), caused by various endogenous and exogenous factors,
pose a significant threat to genomic stability. Several conserved repair pathways address
DSBs, with homologous recombination (HR) being the only mechanism capable of accu-
rately restoring the original DNA sequence. The BRCA1 gene plays a critical role in HR and
is involved in maintaining genomic stability, cell cycle regulation, transcription, and tumor
angiogenesis. Germline mutations in BRCA1 are strongly associated with increased risks of
breast, ovarian, and other cancers. Dysfunction of BRCA1 leads to homologous recombina-
tion deficiency (HRD), forcing cells to rely on error-prone repair pathways, which promotes
genomic instability and tumorigenesis. Besides hereditary mutations, HRD can also arise
in sporadic cancers through epigenetic mechanisms such as promoter hypermethylation
and reduced BRCA1 expression. Although BRCA1 deficiency is uncommon in lung can-
cer, BRCA1 status is considered a potential biomarker for sensitivity to platinum-based
chemotherapy and other cytotoxic agents used in lung cancer treatment. However, the
impact of BRCA1 on treatment response and prognosis in lung cancer remains controversial
and not fully understood. This review summarizes current evidence on the role of BRCA1
in modulating chemotherapy response and disease outcomes in lung cancer patients, high-
lighting its potential as a biomarker for personalized therapy selection. Thus, in this context,
the key unresolved issues critical for the development of personalized treatment strategies
for lung cancer associated with BRCA1 alterations include the identification of molecular
biomarkers most reliably associated with tumor sensitivity to chemotherapy. In addition,
the development of methods for identifying patients with homologous recombination
deficiency specifically in lung tumors appears to be of considerable importance, as does a
better understanding of how the biological and therapeutic implications of BRCAI-related
parameters in lung cancer differ from those observed in other tumor types. Addressing
these challenges could substantially improve the efficacy of chemotherapy and patient
outcomes, while also expanding the opportunities for a personalized approach to treatment
selection in patients with lung cancer.

Keywords: non-small cell lung cancer; BRCA-like tumors; BRCA1; BRCA2; homologous
recombination deficiency; survival; chemotherapy efficacy

1. Introduction

Currently, it has been established that among the numerous constantly arising DNA
damages, double-strand breaks (DSBs), which can form as a result of various exogenous or
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endogenous factors, pose the greatest threat to genomic stability [1]. Several conserved,
mechanistically distinct pathways of DSB repair have evolved to address these breaks,
including homologous recombination (HR), non-homologous end joining (NHE]), alter-
native end joining, and single-strand annealing [1]. It has been shown that the process of
homologous recombination is the only DSB repair pathway capable of restoring the original
DNA sequence at the site of damage [2,3].

The HR process is facilitated by the functioning of several genes, one of which is
BRCA1, which encodes a protein composed of 1863 amino acids with multiple functional
domains [4]. Earlier studies have indicated that BRCA1 plays a critical role in maintaining
cell stability; DNA repair and recombination [5]; cell cycle regulation [6]; chromatin remod-
eling [7]; ubiquitination [8]; and the regulation of transcription for various factors, such as
P53 [9], transcription factor 1 [10], and c-Myc [11]. Additionally, this gene is significant in
regulating the angiogenic process in tumors, which plays a major role in tumor growth and
metastasis [12]. BRCA1 has been identified as a breast cancer (BC) susceptibility gene [13].
Subsequently, it was determined that patients with heterozygous germline mutations in
the BRCA1 (e.g., 5382insC; 2080delA; 300T/G; 3819delGTAAA; 3875del4; 4153delA) or
BRCA2 genes (617delLT, etc.) have an increased risk of developing BC (over 80%), ovarian
cancer (40-65%), and other types of cancers [14]. While germline BRCA mutations are
major drivers of homologous recombination deficiency (HRD) in hereditary breast and
ovarian tumors, the mechanisms underlying HRD in lung cancer are likely to be more
heterogeneous and may involve a greater contribution of somatic mutations, chromosomal
instability, and epigenetic alterations.

Typically, oncogenesis in carriers of BRCAI mutations involves the loss of heterozy-
gosity and the wild-type allele. Cells exhibiting dysfunction in BRCA1 and BRCA?2 (such
as due to the presence of germline mutations) face a deficiency in repairing double-strand
breaks through the conservative mechanism of homologous recombination. This deficiency
(homologous recombination deficiency, or HRD) leads to DNA damage repair using non-
conservative, potentially mutagenic mechanisms, such as non-homologous end joining
and single-strand annealing, and also alternative non-homologous end joining (a-NHE])
(also called microhomology-mediated end joining (MME]) or polymerase theta (Pol0)-
mediated end joining), which can result in genomic instability and an increased risk of
malignancy [15]. Classical non-homologous end joining (c-NHE]) mediates the direct
re-ligation of broken DNA ends and operates throughout the cell cycle, as it does not
require a homologous DNA template to complete repair. Alternative non-homologous end
joining (a-NHE]) is likewise active across all phases of the cell cycle and serves as a backup
pathway when the major DNA repair mechanisms are compromised. However, a-NHE] is
intrinsically error-prone because it relies on short regions of microhomology, often located
at some distance from the double-strand break, to facilitate repair, frequently resulting in
deletions and other genomic rearrangements [16]. This contributes to an increased risk
of cancer development. However, it's important to note that current data indicate that,
in sporadic forms of cancer, the processes underlying HRD formation can be caused not
only by the presence of germline mutations [17] but also by other numerous mechanisms:
epigenetic silencing of the wild-type allele through hypermethylation of the BRCA1 gene
promoter [18], hypoexpression [14], etc.

Although BRCA1 mutations and epigenetic alterations are present in either hereditary
or sporadic forms of breast and ovarian tumors, BRCA1 deficiency due to epigenetic
changes or other mechanisms is uncommon in lung tumors [19]. Moreover, BRCA1 is a
molecular marker for a number of cytotoxic agents, such as platinum drugs, as well as
drugs involved in depolymerization and disruption of the mitotic spindle, which are used
as first-line treatments for patients with lung tumors [20]. Considering that the current
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standard of care for non-small cell lung cancer (NSCLC) includes treatment with platinum-
based chemotherapy [21], this treatment does not benefit many patients, and tumors often
develop resistance to therapy.

Nevertheless, information on the impact of BRCA1 on the treatment and outcome of
the disease in patients with lung cancer (LC) is currently considered controversial and not
fully understood. It is hypothesized that BRCAI and/or BRCA2 gene-related parameters,
including mutations, epigenetic modifications, and gene expression levels, play a key role
in determining treatment sensitivity and therapeutic efficacy in non-small cell lung cancer.
These alterations contribute to increased genomic instability and the development of patho-
logical mechanisms that reduce the response to conventional therapeutic approaches while
simultaneously rendering tumor cells more sensitive to DNA-damaging agents. Further-
more, it can be hypothesized that, across different tumor types and anatomical sites, the
development of homologous recombination deficiency may be driven by distinct alterations
in homologous recombination repair genes. Thus, this review explores evidence that BRCA1
gene parameters play a role in modulating the response to chemotherapeutic agents and
can be used as a biomarker for selecting therapy in patients with LC, as well as its impact
on disease outcome. For the preparation of this literature review, publications indexed in
Google Scholar, Scopus, Web of Science, and PubMed and published between 1990 and 2026
were analyzed. The review included studies addressing the main parameters of interest,
including non-small cell lung cancer, homologous recombination, BRCAness, somatic and
germline mutations, gene expression, hypermethylation, chromosomal instability, patient
survival, and treatment efficacy.

2. Gene Mutations

To date, the main risk factor for LC is smoking. Other established non-hereditary
risk factors also include ionizing radiation, various types of occupational exposure, air
pollution, and pulmonary diseases such as tuberculosis and chronic obstructive pulmonary
disease [22]. A recent study showed that the incidence rate of lung cancer among people
suffering from idiopathic pulmonary fibrosis (IPF) is eight times higher than in the gen-
eral population [23]. A family history of lung cancer doubles the risk of developing the
disease [24]. A number of locus and genes have been identified, in particular 5p15 [25], 6p2
and 15q25.1 [26], EGFR [27], HER2 [28], BRCA1 [29], BAP1 [30] and PARK? [31], disruptions
which may determine a high risk of developing lung cancer.

Analysis of the literature data showed that the frequency of BRCAI and BRCA2
mutations in lung tumors is relatively low (Tables 1 and 2).

Table 1. Mutations of BRCA1 gene in lung tumor.

Number of Mutation (Nucleotide Reference . . o
Patients Change/Protein Change) Sequence Mutation Type Mutation Class Frequency, Abs. n., (%)  References
c.139A>G . .
- (p.Cysd7Arg)/CATR rs80357370 Missense Pathogenic - [32]
€.2143_2155delinsTCTTT Frameshift .
. (p.Thr7155erfsTers)/Te6sfs o120/ 76807 delins Pathogenic - (3]
c.122A>T . Pathogenic/Likely
(p.His41Leu)/H41L rs80357276 Missense pathogenic 1(0.5)
c.4035del Frameshift .
34
201 (p.Glu1346fs)/E1299s rs80357711 deletion Pathogenic 1(0.5) [34]
¢.520C>T . .
(p.Gln174Ter)/Q174* rs1567806048 Stop-gain Pathogenic 1(0.5)
-/p.11824fs - Frameshift Likely pathogenic 1(0.1) [35]
1026 5
-/IVS5332+1G>- - Missense Likely pathogenic 1(0.1)
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Table 1. Cont.
Number of Mutation (Nucleotide Reference . . o
Patients Change/Protein Change) Sequence Mutation Type Mutation Class Frequency, Abs. n., (%)  References
(c}.)50A9r5g§gggTrp)/Rl699W rs55770810 Missense Pathogenic 3(20.0)
15 : [36]

(C;?\Z;?ZSZHB)/DM%H rs80187739 Missense Pathogenic 4(26.7)
Note: Pathogenic—pathogenic mutation; *—designation of a “stop codon” in the amino acid name.

It has been established that the BRCA1 variant c.139T>C (p.Cys47Arg) was found
in a 35-year-old patient diagnosed with lung adenocarcinoma [32]. This mutation has
undetermined clinical significance, but it has been shown that another variant of this
residue, Cys47Gly, is pathogenic and causes disruption in the homologous recombina-
tion process [37]. Huang Y. et al., in their work, conducted a study of the BRCA1 gene
status in tumors from 730 patients with NSCLC. Mutations in the BRCA1 gene were

p g
found in 2.6% of cases. The following mutations were identified: c¢.2566T>C, c¢.5066T>C,
c.2726del, c.824G>A, ¢.1418A>G, ¢.3650C>G, c.4883T>C, ¢.1945G>T, ¢.4327C>T, c.571G>A,
¢.2347A>G, c.2006T>C, and c.211dup. The median overall survival for these patients was
14.0 months [38] (Table S1). The study by Wang L. et al. demonstrated that pathogenic
mutations in the BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D genes were prog-
nostic biomarkers of poorer overall survival (OS) in patients with lung cancer compared
with patients harboring wild-type variants of these genes [36].
Table 2. Mutations of BRCA2 gene in lung tumor.
Number of Mutation (Nucleotide Reference . . o
Patients Change/Protein Change) Sequence Mutation Type Mutation Class Frequency, Abs. n., (%)  References
¢.3450dup Frameshift .
(pllel151 TyrfsTer7) /11151F 1397207668 duplication Pathogenic 1(19)
Ep3iizﬁi3§ Arg)/K1153R rs80358594 Missense CIP 1(1.9)
(C;ﬁizg;SCThr) JT1275T rs80358625 Missense CIP 1(1.9)
(sz%ilﬁ;f Arg)/K1474R rs780660669 Missense CIP 1(1.9)
(lefsﬁ;(%&r) N18055 1580358765 Missense cIp 1(1.9)
52 : c [39]
(CSEZ%;TM) - 15587782320 Missense cIp 1(1.9)
(Cglofig; égcln) JH23650 15370708814 Missense cIp 1(1.9)
(C;[li“;(;gézcln) /R3052Q rs80359171 Missense CIP 1(1.9)
(Cl;gifngCS;;OgLys) JR3302K 180359249 Missense CIP 1(1.9)
(ClsgézliS;OIELys) JE3309K rs80359251 Missense cIp 1(1.9)
c1813dup Frameshift
11 (p-Ile605AsnfsTer11)/ rs80359306 duplication Pathogenic 109) [40]
c.1813del (p.Ile605fs) uphcatio
c.8350C>T . Pathogenic/Likely
) (p-Arg2784Trp)/R2784W rs80359075 Missense pathogenic ) (321
22 ¢.5171T>C (p.1le1724Thr) rs80358743 Missense CIP 1(4.5) [41]
15 ¢.2303_2304del /p.(p.Thr768fs) - - - 1(6.6) [42]
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Table 2. Cont.

Nll’l;ntll:ll;so ' Cﬁit;:i/?’?o(tl:iicgﬁgee) 1;:2:::2: Mutation Type ~ Mutation Class  Frequency, Abs. n., (%)  References

T e TR
(lejﬁzg(é;l;ﬂer)/ R2318* 1580358920 Stop-gain Fathogenic 'o
g.ﬁigg%kr) /L2573* 15786203680 Stop-gain Fathogenic L

- (Cf’S.?S;SrZ?E;LTer)/Rlé%* rs200265692 Stop-gain Pathogenic 10O o
C7805+1G>A /- 1581002809 Splice donor Pathogenic 10
(C}fzzrlzngfm) r— rs80359146 Stop-gain Pathogenic 109

N EpS?)i?;ﬁZ%%‘}gii - _ Ffiaerlrzissriﬁ Pathogenic 1(0.5) -
(C}.)?g:f%%l;ArgfsTerZZ) /S1982fs 1580359550 Fgaeri[;isgri& Pathogenic =M
SRSy : dupiiaton_ Pothogenic LoD
-/pTle2149fs - Frameshift Pathogenic 1(0.1)
-/p.Lys936fs - Frameshift Pathogenic 1(0.1)
;.%é(ii(ljg;;Ter) /p.Q1037X 1rs80358557 Stop-gain Pathogenic 1(0.1)
e e

6 (C;ézyﬁ;o%er) /C1809* rs80359791 Stop-gain Pathogenic 116 [+

15 ?ﬁ?iﬁﬁmwm 1397507902 Stop-gain Pathogenic e [36]
fﬁ?ﬁ?ﬁerwwm rs397508045 Stop-gain Pathogenic +ee7)

Note: Pathogenic—pathogenic mutation; CIP—Conflicting interpretations of pathogenicity; *—designation of a
“stop codon” in the amino acid name.

For the BRCA2 gene, the mutation ¢.8350C>T (p.Arg2784Trp) has been identified,
which affects the interaction between BRCA2 and DSS1 (Table 2) [46]. In a larger cohort
of patients with NSCLC, the frequency of somatic mutations in the BRCA2 gene was
shown to be 4.97% (18/362 cases), including mutations such as: ¢.4951T>C (2 patients),
c.4297G>T (2 patients), c.1462A>G (1 patient), c.943T>A (1 patient), T2007S (1 patient),
¢.5785A>G (1 patient), ¢.9349C>T (1 patient), c.4109G>T (1 patient), T768S (1 patient),
E2260Q (1 patient), R2087K (1 patient), E3167Q (1 patient), S163T (1 patient), T152I
(1 patient), E2275Q) (1 patient), and S163T (1 patient) [47]. The median overall survival of
these patients was 18.0 months.

Importantly, in contrast to breast and ovarian cancers, where germline BRCA1/2 muta-
tions are the predominant mechanism leading to HRD, NSCLC appears to be characterized
by a relatively low prevalence of germline BRCA alterations and a comparatively greater
contribution of somatic mutations to the development of the BRCAness phenotype. In
a study by X. Hu et al., an analysis of mutations in the BRCA1 and BRCA2 genes was
performed. Out of 6220 examined patients with NSCLC, 64 pathogenic mutations and
699 BRCA variants of unknown significance were found. Overall, the frequency of the iden-
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tified mutations was 1.03% (64 /6220 cases), with a predominance of mutations in the BRCA2
gene (49/64, 76.5%). A positive association was established between the presence of muta-
tions in the studied genes and the risk of developing NSCLC [33], while patients in the age
cohort under 50 years with mutations were more prone to developing NSCLC (p = 0.036).
In addition, the authors showed that a number of patients simultaneously revealed the
presence of germline and somatic mutations in the BRCA1/2 genes, which suggests that
a somatic BRCA mutation may act as a second hit for the development of the tumor pro-
cess. The following germline mutations were identified: BRCA2 ¢.6952C>T (p.Arg2318x);
BRCA2 ¢.7718T>G (p.Leu2573x); BRCA2 ¢.5080A>T (p.Argl694x); BRCA2 ¢.7805+1G>A;
BRCA1 c.2143_2155delinsTCTTT (p.Thr715fs); BRCA2 c.8951C>G (p.Ser2984x) and so-
matic mutations: BRCA2 ¢.1688G>A (p.Trp563x); BRCA2 ¢.9065G>C (p.Arg3022Thr);
BRCA2 c.5082A>G (p.Argl694=); BRCA2 c.9299T>A (p.Leu3100x); BRCA2 c.8026A>T
(p-Met2676Leu); BRCA2 c.8951C>T (p.Ser2984Leu). In conclusion, the authors showed that
the use of platinum-based chemotherapy, in the case of germline mutations in patients with
NSCLC, shows the greatest effectiveness [33]. Specifically, the authors reported favorable
outcomes with platinum-based chemotherapy in previously untreated patients harboring
BRCA mutations, with median progression-free survival and overall survival of 9.9 and
26 months, respectively.

A study among 257 patients with lung cancer showed the presence of germline
BRCA1 mutations in five patients (c.68_69del AG—in 2 patients; c¢.5266dupC—in 2 patients;
¢.224-227del AAAG—in one), BRCA? in eight (6175delT—in seven, c.7007 G>C—in one),
and PALB2 (c.917A>T) mutations in one patient. The overall frequency of mutations
was 5% (13/257 cases) [48]. Of the eight patients who received platinum compounds,
seven responded, but in two cases, progression-free survival was less than 6 months.
Additionally, HRD was assessed in three patients [49], and 2/3 of patients (66%) had high
levels of homologous recombination deficiency. These patients received platinum-based
chemotherapy, and the duration of response to treatment was 23 and 61 months. Another
study showed that the frequency of germline and somatic mutations in the BRCA1 and
BRCA2 genes in patients with NSCLC is 4.9% (459 out of 9324 cases) [44]. The prevalence
of somatic mutations in these genes was approximately equal (145 patients (1.56%) versus
169 patients (1.81%), p = 0.19). Germline mutations were statistically significantly more
common in the BRCA2 gene (148 cases (1.59%)) than in BRCA1 (20 cases (0.21%), p < 0.0001).

In another study, Remon J. et al. in 2020 [50] analyzed the molecular profile of tumor
samples from patients with NSCLC within the Unicancer SAFIR02-Lung/IFCT1301 study
(NCTO02117167). BRCA1 and BRCA2 gene mutations were observed in 20/379 patients.
In this case, 8 patients had pathogenetically significant BRCA1/2 mutations: 6 patients
had somatic mutations (2 BRCA1 mutations (c.1069A>T and ¢.2359G>T) and 4 BRCA?2
mutations (c.2818C>T; ¢.3317del; ¢.5993_5994del; c.6800C>G)) and 2 patients had germline
BRCA2 mutations (c.6468_6469del and ¢.5851_5854del). In this case, the overall response to
chemotherapy was 13%. BRCA1/2 variants of unknown clinical significance were found
in 12 patients (3.2%), and the overall response rate to chemotherapy in these patients was
8.3%. A third of tumors carrying pathogenic BRCA mutations or variants of unknown
significance had biallelic inactivation and a high HRD score. The overall survival of this
cohort was 12.8 months, which is consistent with the median overall survival of patients
with advanced NSCLC treated with platinum-based chemotherapy. According to the
authors of the article, this may indicate the absence of high sensitivity to platinum drugs in
patients with BRCA1/2 mutations in NSCLC [50]. But at the same time, it has been shown
that patients with pathogenic mutations in the tumor, at the level of a pronounced trend,
have shorter overall survival compared with the group of patients in whom mutations
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with unidentified clinical significance were found (11.1 versus 17.9 months, log-rank test
p =0.07) [50].

In addition, BRCA1/2 mutational signatures associated with HRD have also shown
increased sensitivity to PARP inhibitors in lung cancer cell lines. As a result, PARP inhibitor
therapy may be beneficial in cases of LC. In a recently conducted study, mutation data from
over 1900 samples were analyzed in non-small cell and small cell lung cancer cells. The
results showed the presence of HR gene mutations in 30% of all lung cancer cases. These
data suggest that HR genes are frequently mutated in lung cancer, and a personalized
approach to treatment is relevant in clinical settings [51]. In 2021, a clinical case of a
young patient with no burdened history, having stage IVB metastatic lung adenocarcinoma,
was presented [52]. As a result of the analysis, a pathogenic mutation in the BRCA2
gene was identified in the patient: ¢.1490C>G (p.Ser497Ter), the presence of which is
associated with the risk of developing BC [53]. This shows a rare case of a patient with
lung cancer and a germline BRCA2 mutation who received treatment with immunotherapy
and olaparib. Hao J.S.J. et al. also demonstrated the clinical effectiveness of olaparib in
a patient with a metastatic form of NSCLC having a BRCA2 mutation variant ¢.1411G>T
(p-Glu471Ter). Progression-free survival was 8 months with «Olaparib» and was higher
than with pembrolizumab and pemetrexed-carboplatin [54].

Another case showed that a patient with lung adenocarcinoma with a BRCA2 mu-
tation (c.6816_6820del AAGAG, p.G2274Afsx17) had a positive effect from the use of
«Olaparib» in combination with gefitinib and recombinant human endostatin with rela-
tively long survival after progression [55]. A similar case was presented for the BRCA2
mutation ¢.8401_8403delinsAAAA (p.Phe2801LysfsTer11). The use of olaparib in metastatic
lung adenocarcinoma made it possible to achieve partial tumor regression and prolong
progression-free survival of the patient [56]. A patient has been described who was di-
agnosed with concomitant accessory lobular BC and primary lung cancer, both of which
were positive for the somatic BRCA2 mutation (E1593D). An almost complete response
to platinum-based chemoradiotherapy was obtained for NSCLC, but BC progression was
observed [57]. L. Wang et al. also conducted a study of the occurrence of mutations
in the main DNA repair genes. It was found that 7/15 patients had two pathogenic
BRCA1 mutations: ¢.5095C>T (p.Arg1699Trp) and c.5074G>C (p.Asp1692His) and that
8/15 patients had two BRCA2 mutations: ¢.71T>G (p.Leu24Ter) and ¢.92G>A (p.Trp31Ter)
(Tables 1 and 2), [36]. It is important to note that in both cases, overall survival rates are
higher in patients without these mutation variants (with p = 0.025 and p = 0.059, respectively,
for BRCA1 and BRCA?2).

3. Gene Expression

Unlike breast cancer, where BRCA testing is primarily used to identify hereditary
predisposition and guide PARP inhibitor therapy, BRCA1 expression in NSCLC has mainly
been investigated as a predictive biomarker of sensitivity to platinum-based chemother-
apy and taxanes. In one of the first studies, Taron M. et al. demonstrated the potential
role of BRCA1 mRNA expression in determining the sensitivity of tumors to chemother-
apy in NSCLC [58]. Among patients receiving neoadjuvant chemotherapy with gemc-
itabine/cisplatin, treatment outcomes correlated with BRCA1 expression levels. Lower
BRCA1 expression (less than 0.61) was associated with better outcomes, while higher ex-
pression (greater than 2.45) was associated with worse outcomes. In this case, the median
survival was not reached for 15 patients from the group with the lower quartile, whereas
for 28 patients with a BRCA1 level of 0.61-2.45, it was 37.8 months (95% CI, 10.6-65), and
for 12 patients with a level greater than 2.45, it was 12.7 months (95% CI 0.28-28.8, p = 0.01).
In addition, it was found that patients with low expression had a reduced risk of death
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(HR = 0.206; 95% CI, 0.05-0.83; p = 0.026) compared with the group of patients with high
BRCAI1 levels.

Following this work, a series of studies began to assess the impact of BRCAI expres-
sion on the effect of chemotherapy. Rosell R. et al. conducted a phase II clinical prospective
study in which a personalized chemotherapy regimen for patients with metastatic NSCLC
was determined by the level of BRCA1 expression. Patients with low BRCAI1 levels (ex-
pression less than 4.28) received a gemcitabine/cisplatin chemotherapy regimen, with an
intermediate level (expression level 4.28-11.2)—only cisplatin/docetaxel—and with high
expression (expression greater than 11.2)—docetaxel. The median progression-free survival
for the first group (n = 38) was 11 months, 9 months for 40 patients with an intermedi-
ate level of BRCA1, and 11 months for 33 patients with a high level of BRCA1 (p = 0.01).
Two-year survival was 41.2%, 15.6% and 0%, respectively. As a result, it was found that the
appointment of chemotherapy depending on the level of BRCA1 expression is associated
with a high median and two-year survival for some groups of patients with NSCLC [59].

A meta-analysis conducted in 2013 also showed a significant association between
BRCA1 expression and clinical outcome in patients with NSCLC. Low or negative BRCA1
expression is associated with a higher objective response rate and higher overall survival
rates [60]. In particular, according to the results of 17 studies, it was found that in the
treatment of patients with NSCLC with platinum-based chemotherapy, a low and/or neg-
ative level of BRCA1 expression indicated a better objective response rate to treatment
(OR =1.70, 95% CI = 1.32-2.18), and longer overall survival and progression-free survival
(HR =1.58, 95% CI = 1.27-1.97 and HR = 1.60, 95% CI = 1.07-2.39 for OS and PFS, respec-
tively). In 4 studies in patients with a taxane-based chemotherapy regimen, a high level
of BRCA1 determined the presence of an objective response to chemotherapy (OR = 0.41,
95% CI = 0.26-0.64). It is important to note that this result is consistent with the results
of studies on BC. Reducing the expression of the BRCAI gene in BC cell lines increases
sensitivity to cisplatin but leads to resistance to paclitaxel and vinorelbine through a de-
fective apoptotic response to these drugs, whereas the opposite phenomenon is observed
with normal or high levels of BRCA1 [61]. This can be explained by the fact that induction
of BRCA1 gene expression after exposure to paclitaxel leads to activation of the mitotic
checkpoint and subsequent cell death [6,62]. In this case, a deficiency of the BRCA1 gene
product, on the contrary, leads to the fact that apoptosis of tumor cells under the action of
taxanes is not induced.

Unfortunately, despite the significant findings reported by Taron M. et al. in 2004
in a retrospective cohort [58] and the subsequent phase II prospective study conducted
by Rosell R. et al. in 2009 [59], the later phase III randomized trial (NCT00617656/GECP-
BREC) failed to demonstrate an association between BRCA1 expression levels and treatment
efficacy in patients with NSCLC. This study, which compared the effectiveness of standard
chemotherapy with treatment based on the assessment of BRCA1 expression levels, was
prematurely closed because an interim analysis showed a negative effect in terms of
progression-free survival in patients in the experimental group (HR, 1.35; p = 0.03) [63,64].
However, our studies have shown that a low level of expression of some chemosensitivity
genes, in particular ERCC1, BRCA1, GSTP1, is associated with higher rates of metastasis-
free survival (log-rank test p = 0.0004, p = 0.01, p = 0.01, respectively) [20]. The 5-year
survival rates of patients with high BRCA1 expression (more than 1) were 55% versus
83% with low expression [20]. Our most recent study allowed us to develop an algorithm
for making decisions about prescribing a personalized adjuvant chemotherapy regimen
in patients with lung cancer. In particular, the level of BRCA1 expression was used to
prescribe platinum drugs (carboplatin or cisplatin). Thus, the average value of metastasis-
free survival rates was 46.2 &+ 3.9 months in the group with personalized chemotherapy
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compared with 22.9 £ 2.65 months in the historical control group (log-rank test p = 0.05).
Very good results were shown for overall survival. Thus, patients with an individual
selection of a chemotherapy regimen had 96% (58.6 + 2.9 months) survival, compared
with the control group, where the lower limit was 48% (26.9 & 2.39 months) (log-rank test
p < 0.0001) [65].

According to the resource “kmplot.com” which allows assessing the effect of the
expression of more than 54 thousand genes on survival in malignant tumors of various
locations, it is shown that the level of expression of the BRCA1 gene in lung tumors
(regardless of the stage and histological type of tumor) statistically significantly affects
the indicators of overall (Figure 1A) and progression-free survival (Figure 1B). A similar
result is shown for the BRCA2 gene (Figure 1C—overall survival; Figure 1D—progression-
free survival).
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o Q]
~ HR =159 (1.4 -1.81) - HR =1.84 (1.52 - 2.24)
logrank P = 5.2 x 10" logrank P = 4.2 x 10-°
«© «©
o o
> © | > 9]
Qo e}
® [
Q Q
O < oS <« |
a o o o A 4
N N
© | Expression M © | Expression
— low — low
< | — high = high
e T T T T T i T T T T T
0 50 100 150 200 0 50 100 150 200
Time (months) Time (months)
Number at risk Number at risk
low 962 478 103 31 5 low 494 238 17 1 0
high 963 349 100 26 2 high 488 132 27 8 1
C Overall survival (n=1927) D Progression-free survival (n=982)
o e
-~ HR=1.49(1.32-1.7) - HR =1.99 (1.64 - 2.43)
logrank P = 4.8 x 10-° logrank P = 2.3 x 102
@ «©
o o
> < | 2 Q|
= O E o
Qo
38 8
e < 2 <
o o O o
o N
© | Expression © | Expression
— low — low
S | — high © | — high
i T T T T T i T T T T T
0 50 100 150 200 0 50 100 150 200
Time (months) Time (months)

Number at risk Number at risk
low 965 478 102 26 3 low 494 235 17 1 0
high 960 349 101 31 4 high 488 135 27 8 1

Figure 1. Overall survival (A,C) and progression-free survival (B,D) curves for patients with non-
small cell lung cancer, based on the expression levels of the BRCA1 and BRCA2 genes, respectively.

This result may support the hypothesis that the level of BRCAI and BRCA2 expression
has a significant impact on the prognosis of the disease and determines the treatment
strategy for patients with NSCLC. Thus, in a study of 100 tumor samples from NSCLC
patients, low BRCA1 expression was found to correlate with a higher response rate to
platinum-based chemotherapy. In particular, with a high level of expression, the frequency
of complete and partial regressions was only 6% (3/54 cases), while with a low level of
BRCAL1, this figure was 26% (12/46 cases); the differences were statistically significant
(p =0.034). Likewise, a low level was associated with longer progression-free survival
(p = 0.041) and median overall survival (p = 0.005) [66]. It is worth paying attention to the
fact that in the work of Lee M.N. et al., low or absent expression of BRCAI and BRCA2 was
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shown in 37% and 34% of the 98 studied lung tumor samples, respectively. Moreover, this
was most often found in lung adenocarcinomas (42—44%) [67]. In a recent meta-analysis
by Huang Z. et al., it was found that high BRCA1 expression (relative to low expression)
adversely affected the overall survival of patients with NSCLC receiving platinum-based
chemotherapy (OR 1.53; 95% CI 1.01-2.31, p < 0.05). In this case, no differences were found
in the effect of BRCA1 expression level on event-free survival (OR 1.73; 95% CI 0.98-3.05;
p > 0.05) [68]. In addition, it is worth noting a combined study of several genes, in particular,
the study of the expression of BRCA1 and the STMN1, MAPT, and TUBB3 genes, which
play a key role in the regulation of microtubule dynamics [69]. A univariate Cox regression
analysis showed that the expression level of BRCA1 and STMNI1 significantly correlated
with the 5-year survival of patients with NSCLC (p = 0.002 and p = 0.006). In patients with
high BRCA1 expression, survival rates were higher. On the contrary, in patients with high
STMNI1 expression, survival was lower. BRCA1 and STMN1 were independent predictors
of prognosis in patients with NSCLC (p = 0.008 and p = 0.022). A prospective study with an
assessment of the expression of the ERCC1, BRCA1, RRM1, and TUBB3 genes showed that
the highest rates of progression-free survival are achieved with the absent expression of
the ERCC1 and BRCA1 repair genes: 65 and 63% versus 40 and 18% in the group with the
presence of expression (p = 0.032 and p = 0.019). In addition, the authors noted that patients
who did not express ERCC1 and BRCA1 benefited more from adjuvant cisplatin-based
chemotherapy compared with patients who expressed either ERCC1 or BRCA1 (HR, 3.102;
95% CI, 1.343-7.163; p = 0.008) [70].

In addition, the association between the expression of other homologous recombina-
tion genes, including BARD1, BRIP1, PARP1, and RAD51, and both overall survival and
progression-free survival was evaluated using the kmplot.com resource (Figure S1). The
analysis demonstrated a pattern similar to that observed for BRCA1/2 genes. Specifically,
low expression levels of BRIPI (HR 1.58; 95% CI 1.36-1.83, p = 1.4 x 10~7), PARP1 (HR
1.16; 95% CI 1.03-1.3, p = 0.015), and RAD51 (HR 1.25; 95% CI1.11-1.41, p = 0.00024) were
significantly associated with improved overall survival. Moreover, low RAD51 expression
was also significantly associated with improved progression-free survival (HR 1.24; 95% CI
1.01-1.52, p = 0.043). Given that these genes are also involved in the core homologous
recombination pathway and DNA repair processes, reduced expression may contribute to
genomic instability and impaired DNA repair capacity, thereby rendering tumor cells more
sensitive to chemotherapy. An interesting finding was observed for BARD1I (Figure S1A). In
contrast to the other genes analyzed, high BARDI expression was associated with improved
survival outcomes (HR 0.83; 95% CI 0.72-0.96, p = 0.013). One possible explanation is that
elevated BARD1 expression may represent a compensatory mechanism for reduced expres-
sion of other HR-related genes, thereby contributing to resistance to tumor progression [71].
Thus, despite the central role of BRCA1/2 genes in the HR pathway, future studies should
also consider other genes involved in DNA repair and evaluate them in combination, which
may provide a more accurate basis for personalized treatment decision-making.

4. Hypermethylation of the BRCA1/2 Promoter Region

DNA methylation is a covalent biochemical modification resulting in the addition
of a methyl group to the 5th carbon position in the pyrimidine ring of cytosine, located
in the context of cytosine-phosphate-guanine (CpG) dinucleotides. Hypermethylation
often restricts the access of transcription factors to promoters and promotes the binding
of methyl-CpG binding domain proteins, which leads to the recruitment of additional
proteins associated with suppression and ultimately to the suppression of gene expres-
sion [71]. Aberrant DNA methylation is a common phenomenon in tumor tissue, including
in NSCLC [72]. Hypermethylation of the promoter region of the BRCAI and BRCA? repair
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genes has been demonstrated in sporadic breast and ovarian tumors [18,73]. It has been
shown that BRCA1 promoter methylation levels are higher in platinum-resistant ovarian
cancer cell lines and exposure to a demethylating agent sensitized these cells to treatment
with these drugs [74]. However, there is no detailed evidence of the potential impact of
hypermethylation of the BRCA1/2 gene promoter region in lung cancer on the effect of
treatment and disease prognosis. Hypermethylation of the promoter in the BRCAI and
BRCA2 genes in NSCLC tumors has been shown to occur in 30% (29/98 patients) and 42%
(41/98 patients), respectively (Table 3). In addition, low mRNA expression was significantly
associated with gene hypermethylation (BRCA1, p < 0.001 and BRCA2, p < 0.001) [67]. It is
important to note that only a single study investigating the promoter methylation status
of BRCA2 was identified. This is particularly intriguing given the relatively large number
of studies evaluating BRCA2 mutations. This discrepancy may likely be explained by the
limited number of investigations focusing specifically on BRCA2 promoter methylation in
the context of non-small cell lung cancer (NSCLC). This represents a critically important
issue, as the study of epigenetic mechanisms regulating gene activity may reveal either a
substantial contribution to, or only a minimal impact on, DNA repair capacity and homolo-
gous recombination proficiency. At the same time, a 2011 study showed that the frequency
of BRCA1 methylation in lung tumor tissue is only 10.25% (8/78 patients), compared with
normal tissue (2.56%, 2/78 patients), with p = 0.098 [75]. Another study showed that
BRCA1 promoter methylation was found in 13 out of 70 patients (18.6%). In this case,
recurrence-free survival rates in patients with BRCA1 methylation were significantly lower
(62%) than in patients without BRCAI methylation (84%) (p = 0.0139) [76]. A similar result
was obtained by Weiwei Gao et al.: BRCAI promoter hypermethylation was detected in
27/50 (54%), and overall survival was associated with methylation [HR and 95% CI: 2.053
(0.973-6.748)]. The 5-year overall survival rate was only 18% with methylation versus
62% without methylation (p = 0.03) [77]. A study of 139 adenocarcinoma lung samples
showed a BRCA1I promoter methylation frequency in 41 patients (29.5%). Interestingly,
EGFR mutations and aberrant BRCAI methylation were mutually exclusive events [78].

Table 3. BRCA1 and BRCA2 promoter methylation frequency in lung cancer patients.

Number of Patients Frequency, Abs. n., (%) References
BRCA1
98 29 (30.0) [67]
78 8 (10.25) [75]
70 13 (18.6) [76]
50 27 (54.0) [77]
139 41 (29.5) [78]
30 16 (53.3) [79]
28 18 (64.3) [80]
158 4 (2.5) [19]
56 0 (0.0) [81]
BRCA?2
98 41 (42.0) [67]

It's important to note that transcription inactivation caused by promoter hyperme-
thylation leads to loss of expression. At the same time, in the case of tumor suppressor
genes (e.g., BRCA1/2), it seems to be a contradictory event to have a longer survival period
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in this group of patients. In this case, methylation should be viewed as a continuous and
gradual process in which incomplete suppression of gene transcription is possible, and
it may lead to active gene expression. Safar A.M. et al. showed that in some suppressor
genes, the presence of hypermethylation indicates a protective effect [82]. An analysis
of the methylation of four genes, p16/INK4a, BRCA1, RARB, and MGMT, showed that
the absence of hypermethylation in any of the studied genes was associated with shorter
survival (HR =9.3; p = 0.001). A multivariate Cox analysis showed that hypermethylation
in one or more genes was associated with a better prognosis [79]. The reduction in survival
time with increasing methylation confirms the concept that abnormal methylation of the
promoter of tumor suppressor genes, including BRCA1, is associated with a loss of gene
function, which may lead to selective growth advantages of neoplastic cells [79]. However,
some studies report the absence of hypermethylation in the promoter regions of repair
genes, including BRCA1 [81].

At the same time, the activation of resistance-associated genes, in addition to hy-
pomethylation of their promoters, may be caused by de novo gene fusions. In the case of
BC, tumors with BRCA1 deficiency, despite the presence of a hypermethylated promoter,
have a high level of expression of this gene and its protein product [83]. It has been shown
that intragenic deletions of BRCA1 and loss of BRCA1 promoter hypermethylation occur,
as well as de novo gene fusions, where BRCA1 expression may be under the transcriptional
control of a heterologous promoter [83].

5. Chromosomal Instability and Loss of Heterozygosity Regions

In addition, an association between global hypomethylation and chromosomal insta-
bility (CIN) has been reported [84]. It has also been suggested that epigenetic changes, such
as hypermethylation and hypomethylation, affect certain genomic sites and increase the
risk of errors in chromosome segregation, thereby leading to genomic changes and cancer
development [85]. Given the high level of chromosomal instability and smoking-associated
genomic damage characteristic of lung tumors, the mechanisms leading to HRD in NSCLC
may differ substantially from those operating in breast cancer, where hereditary BRCA
deficiency represents the dominant pathway. To date, the exact mechanisms that integrate
genetic aberrations with epigenetic changes are unclear; however, it can be assumed that
there are both direct and indirect interactions between genetic damage and changes in
methylation patterns. Therefore, profiles linking genetic and epigenetic variations can
be used to identify novel clinicopathological markers for the diagnosis and treatment of
various cancers. However, there is little specific data on the presence of chromosomal
instability in lung tumors. Typically, lung carcinomas have a high frequency of DNA copy
number aberrations (CNAs), with gains and losses of entire chromosomes or large regions
of chromosomes. These tumors also exhibit simple and complex structural rearrange-
ments responsible for changes in transcription and protein expression, which may include
deletions, duplications or amplifications, as well as gene fusions caused by insertions,
inversions and translocations [86]. One of the first chromosomal abnormalities in LC was
the 3p deletion [87]. The study of large chromosomal abnormalities in LC and their impact
on the pathogenesis of the tumor and the effectiveness of treatment is mainly focused on
the MYC family genes (MYCL1, MYCN and MYC), members of the EGFR pathways (EGFR,
PIK3CA, KRAS), and other genes controlling cell proliferation, such as FGFR1, TP63, TERT,
CCND1, CCNE1 and NKX2-1 [86]. Another study indicates that the most common are
amplifications of the 1q21-31, 3q26-qter, 5p13-14 and 8q23-qter regions, where the main
oncogenes directly involved in the tumor-forming process are located. Similarly, a decrease
in the number of DNA copies (deletions) is most often characteristic in 3p14-21, 8p21-23
and 17p12-13 [88].
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In addition, chromosomal instability can be caused by defects in the genes repairing
double-strand DNA breaks—ATM, BRCA1 and BRCA2, XRCC5 [67]. Interestingly, the
chromosomal regions 2q33-35 and 13q12.3, which include the locus encoding the XRCC5
and BRCA2 genes, showed a high frequency of loss of heterozygosity (LOH) sites in
NSCLC [89]. In particular, one of the studies found that the frequency of LOH in the BRCA1
and BRCA2 genes is 25% and 44%, respectively [67]. Given that BRCA1/BRCA?2 proteins
play a key role in p53-dependent elimination of pathological cells, it is not surprising that
these proteins are often inactivated or suppressed in NSCLC [90].

6. BRCAness in Non-Small Cell Lung Cancer

It has been established that patients with heterozygous germline mutations in the
homologous recombination genes BRCAI or BRCA?2 (e.g., 5382insC; 2080delA; 300T/G;
3819delGTAAA; 3875del4; 4153delA) or BRCA2 (617delLT, etc.) have an increased risk of
developing BC, ovarian cancer, and other cancers and, more importantly, that germline
mutations make the greatest contribution to the formation of homologous recombination
deficiency (HRD) [14]. At the same time, current data indicate that, in sporadic forms of
cancer, the processes underlying HRD may be due not only to the presence of germline
mutations but also to other numerous mechanisms. Tumors phenotypically and genet-
ically similar to familial BRCAI-associated BC have similar properties and are defined
as “BRCAness,” and these common properties may be important for treatment [15]. To
date, the concept of BRCAness defines the pathogenesis and treatment sensitivity of many
types of cancer. But to a greater extent, the phenomenon of BRCAness has been shown
in BC and ovarian cancer. Thus, in sporadic forms of cancer, BRCAI is inactivated by
other mechanisms—aberrant methylation of cytosine residues in CpG dinucleotides, low
protein and mRNA expression, loss of heterozygosity, etc. It has been shown that the
BRCAness phenotype is associated with the most aggressive clinical and pathological
features of the tumor, in particular, with a large tumor size (>2 cm, p = 0.009), the presence
of lymphogenous metastasis (p = 0.008), stage 3 disease (p = 0.001), high levels of Ki-67
(p=0.001) [91].

Figure 2 depicts two pyramids. In the first case, it is obvious that the main role in
the formation of homologous recombination deficiency is played by germline mutations
in the BRCA1/2 genes. Next, the presence of somatic, usually pathogenic mutations,
affects the expression profile of these genes. At the same time, according to the literature
data (Tables 1 and 2), the frequency of mutations in the studied genes is higher than the
presence of chromosomal instability. It is important to note that, according to our data,
the presence of large chromosomal aberrations (deletions and amplifications) plays an
important role not only in the formation of HDR in patients with BC but can also be used
to prescribe personalized neoadjuvant chemotherapy [92]. Epigenetic changes make the
smallest contribution.
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Figure 2. The hypothesized contribution of BRCA1/2 gene alterations and their regulatory mecha-
nisms to HRD in lung cancer (A), and the influence of these factors on gene expression (B).

It is important to note that, despite the fundamental role of germline and somatic
mutations in the formation of HRD in patients with LC, the impact on the expression of
BRCA1/2 genes is relatively small due to the action of other mechanisms compensating for
BRCA deficiency [93]. It should be noted here that the frequency of pathogenic BRCA1/2
mutations in LC is relatively small, and therefore, one violation is most likely not enough
to form HRD (compared with breast cancer or ovarian cancer). If we consider this process
within the framework of Knudson’s two-hit hypothesis [94] in addition to the presence
of a germline mutation in BRCA1, a second hit in the form of chromosomal instability is
required to completely impair gene function, which is a characteristic of tumors [95]. It is
quite possible that germline mutations affecting the BRCA1/2 genes, which are involved
in maintaining genomic stability, may predispose to a higher probability of CIN and,
therefore, to an increased likelihood of loss of heterozygosity [96]. Therefore, studying
the formation of HRD in lung tumors, it is necessary to understand that the mechanisms
of this phenomenon may be different from those in other locations. In addition, in our
opinion, the picture changes completely with respect to HRD during treatment. The initial
wide range of violations of homologous recombination mechanisms makes tumor cells
increasingly sensitive to DNA-damaging agents, and this ceases to be “beneficial” for the
tumor already with direct exposure to chemotherapeutic drugs (Figure 3). In other words,
under the influence of therapy, the mechanisms of BRCAness should undergo processes
that are the reverse of carcinogenesis and diminish. Due to this, resistant clones devoid
of BRCA deficiency will be formed, capable of surviving DNA-damaging chemotherapy.
It has been established that a possible explanation for the low effectiveness of platinum
drugs is that homologous recombination is easily restored under the action of neoadjuvant
chemotherapy [15], and promoter demethylation occurs, which confirms our working
hypothesis. There is also separate literary evidence for this phenomenon. A study by
A.P. Sokolenko [97] found that, despite the high chemosensitivity and rapid reduction
of ovarian tumors with germline BRCA1/2 mutations after neoadjuvant chemotherapy,
complete pathological responses to treatment are very rare. The authors showed that
this process may be based on a change in the somatic status of BRCA1 [98]. During NAC,
reversion and return of the wild-type allele of the gene occurs, which leads to the restoration
of the functional activity of BRCA1 and the formation of tumor chemoresistance, or under
the selective pressure of platinum compounds, the proliferation of already existing clones
carrying the wild-type BRCAT allele occurs.
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Figure 3. Schematic representation of tumor development and the possible formation of chemoresis-
tance under the influence of chemotherapy.

It is assumed that chemotherapy has a pronounced mutagenic effect and that its
implementation has a strong impact on changing the genetic landscape of the tumor. In
this regard, it is important to note that not only the elimination of sensitive clones and the
spread and/or replacement of already existing tumor clones carrying the wild-type BRCA1
allele can occur but also the emergence of new mutational changes in genes, including,
for example, amplification of the 17q21.31 locus containing the BRCA1 gene, even if its
allelic deletion was initially in the tumor. And, this may be one of the first mechanisms
for restoring the functionality of the homologous recombination process, which leads to
the fact that some HRD-positive tumors turn out to be insensitive to DNA-damaging
chemotherapy. Our studies on breast cell lines confirmed this hypothesis. It was found that
the selective action of cisplatin restored the normal copy number for the BRCA1, CDK12,
CHEK1 and RADS51D genes in the MCF-7 cell line. The appearance of amplifications was
revealed for BRCA2 and PALB2. A statistically significant increase in the expression of
the BRCA1 (p = 0.04), BRCA2 (p = 0.02), PALB2 (p = 0.01) and RAD51D (p = 0.05) genes
was also shown. A similar result was shown for MDA-MB-231: it was shown that all
identified loci with deletions, where the BRCA2, BARD1, CHEK2, PALB2 and RAD54L
genes are localized, were restored to normal copy number under the action of cisplatin. The
emergence of amplifications was registered for BRCA1, BRIP1, FANCL, RAD51B, PARP1. A
similar result was shown for docetaxel. An increase in the expression level is characteristic
of the genes BRCA1 (p = 0.02), BRCA2 (p = 0.02), CHEK?2 (p = 0.05), FANCL (p = 0.04), PALB2
(p = 0.05), RAD51C (p = 0.02), PARP1 (p = 0.02), which corresponds to the emergence of
amplifications. But, in the MDA-MB-468 cell culture, where the initial genetic profile of the
homologous recombination genes does not have deletions, an increase in the copy number
of only the BRCA1 gene is observed. The effect of docetaxel does not affect this cell culture
at all. The expression level of BRCA1 increases in direct proportion to the duration of the
drug action [99].

The study of the mechanisms and patterns of restoration of the functionality of the
homologous recombination process is relevant from the point of view of personalizing the
treatment of HRD-positive patients.

BRCAness was investigated not only as a prognostic biomarker but also as a new
therapeutic strategy through its pharmacological induction. Interesting results were ob-
tained by Min A. et al. (2015) and Mio C. et al. (2019), who found that the induction of
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the BRCAness phenotype can be achieved through epigenetic suppression of BRCA and
enhancement of the activity of chemotherapeutic drugs [100,101].

Thus, to date, there is no clear concept of the formation of HRD in the process of car-
cinogenesis and its changes in the process of treatment: at what stages of carcinogenesis do
certain disorders of the BRCA genes appear; which disorders determine sensitivity to plat-
inum drugs and other DNA-damaging agents; and how quickly do they change (their actual
“persistence”) under the action of chemotherapeutic drugs, determining the formation of
resistance or insensitivity to therapy? All these questions require further investigation.

7. Conclusions

Based on the analysis of the available literature, the findings support the hypothesis
that various BRCAI-related parameters, as well as those associated with BRCA2, may
contribute to the development of homologous recombination deficiency in non-small cell
lung cancer and influence treatment efficacy. Furthermore, the evidence suggests that,
in contrast to other tumor types, the BRCAness phenotype in lung cancer is likely to be
driven predominantly by somatic and, less frequently, germline mutations. Importantly,
although the concept of BRCA deficiency originated from studies of breast and ovarian
cancers, accumulating evidence suggests that the biological basis, clinical implications,
and therapeutic relevance of BRCA1/2 alterations in NSCLC may be substantially different.
In particular, lung cancer appears to exhibit a more heterogeneous spectrum of mecha-
nisms leading to HRD, involving not only BRCA1/2 mutations but also alterations in other
homologous recombination genes, chromosomal instability, and potentially epigenetic
mechanisms. Nevertheless, additional large-scale retrospective and prospective studies are
required to achieve a more accurate and comprehensive understanding of this issue. In
addition, in vitro experiments using lung cancer cell lines are needed to further elucidate
the mechanisms by which different BRCAI-related alterations affect DNA repair processes
and treatment resistance in response to various chemotherapeutic agents.

Thus, the role of BRCA1/2 genes as drivers of lung cancer mutations is still unclear
and necessitates confirmation through epidemiological research. In light of the conflicting
evidence, this literature review sought to identify the potential of BRCA1/2 gene parameters
to predict treatment response and prognosis, ultimately facilitating a personalized approach
to the management of non-small cell lung cancer patients.
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