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ABSTRACT

Background: While there is a growing volume of evidence suggesting that relatively prevalent functional polymorphisms pres-
ent within apoptosis-related genes may influence human prostate cancer (PCa) susceptibility, the clinical relevance of these
findings remains inconclusive.

Aims: This meta-analysis was thus developed with the goal of generating more precise estimates of the relationships between
polymorphisms in four apoptosis-associated genes (NKX3-1, caspase-3, caspase-9, and BCL-2) and the risk of PCa.

Methods and Results: The PubMed, Web of Science, Google Scholar, Embase, Cochrane Library, and SinoMed (CNKI and
Wanfang) databases were searched for relevant studies published through December 20, 2023, using the following keywords:
“polymorphism” or “variant” and “carcinoma” or “cancer” or “tumor” and “NKX3-1,” “CASP3” or “Caspase-3,” “CASP9” or
“Caspase-9,” “BCL-2” or “B-cell lymphoma” and “prostate cancer” or “PCa” or “prostate adenocarcinoma.” This approach led
to the identification of 22 case-control studies related to the association between apoptosis-related gene polymorphisms and
PCa susceptibility enrolling 9706 cases and 12567 controls. Subsequent analyses revealed that the NKX3-1 rs2228013, CASP9
rs1052571, and CASP9 rs4645982 polymorphisms were associated with greater PCa risk, whereas the CASP3 rs4647603 polymor-
phism was associated with a risk reduction.

Conclusion: These findings provide strong evidence for the potential contributions of polymorphisms in the apoptosis-related
caspase-3, caspase-9, and NKX3-1 genes in the onset and progression of PCa.
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1 | Introduction

Prostate cancer (PCa) is a leading cancer type among men, with
millions of new diagnoses throughout the world each year [1].
In 2023, for example, the International Agency for Research
on Cancer forecasts approximately 288,300 new PCa diagnoses
and 34,700 related deaths at the global level [2]. PCa incidence
rates rise with age such that this cancer type is most common
among men over the age of 65 [3]. PCa incidence also varies as a
function of ethnicity and geographical location, with Caribbean
and African American males facing particularly high PCa rates,
whereas this malignancy is less common among Asian men [4].
While Japan exhibits the lowest PCa incidence among Asian
nations, rates of PCa diagnoses in China continue to rise an-
nually [5, 6]. Positive family history has been increasingly es-
tablished as an important factor associated with the risk of PCa
[7, 8]. Genetic association studies seek to elucidate the genetic
risk factors associated with particular cancers or other diseases
of interest. Despite the high rates of PCa diagnoses in African
American populations, however, members of this community
remain underrepresented in genetic association studies focused
on this form of cancer [9].

PCa develops through a multistage process that is influenced
by a diverse array of factors, with both genetic and epigenetic
changes playing essential roles in facilitating oncogenesis [10].
Research focused on the genetic epidemiology of PCa risk has
revealed PCa to be the cancer type with the fourth highest risk of
presenting in multiple members of a given family after lip mela-
noma, skin melanoma, and ovarian cancer [11]. A family history
positive for PCa is thus regarded as a major risk factor for de-
veloping this form of malignancy [12], such that genetic factors
are thought to serve as particularly important regulators of PCa
incidence more so than in other human cancer types [13, 14].
Consistently, the variations in PCa diagnosis rates among re-
gions and ethnic groups are thought to be partially attributable
to differences in the prevalence of particular single nucleotide
polymorphisms (SNPs) associated with PCa risk [15]. In partic-
ular, SNPs present within apoptosis-associated genes have been
shown to be closely tied to the odds of developing PCa [16, 17].

Apoptosis is an essential mechanism of programmed cell death
that shapes both pathological and physiological processes
[18, 19]. When apoptotic activity is dysregulated in eukary-
otic cells, this can result in abnormal survival outcomes [20].
Accordingly, many types of malignant cells have developed
mechanisms that enable them to evade apoptotic death through
the modulation of pro- and anti-apoptotic factors, thereby alter-
ing signaling pathways in the intracellular and extracellular en-
vironment to alter the expression of apoptosis-associated genes
[19]. The external and internal apoptotic pathways can become
dysregulated in PCa, contributing to the ability of tumor cells to
avoid undergoing apoptosis such that these malignant cells can
instead proliferate and disseminate [18, 21].

The antiapoptotic protein B-cell lymphoma-2 (BCL-2) has been a
focus of intensive research efforts [22], as changes in BCL-2 ex-
pression levels can contribute to improperly regulated apoptotic
activity and aberrant cell proliferation conducive to oncogenesis
and tumor progression [23]. The BCL-2 oncogene is located on
the mitochondrial membrane and has been clearly shown to be

a key factor in carcinogenesis and resistance to drug-induced
apoptosis in different types of adenocarcinoma [24]. The pro-
spective PROCAGENE study, which enrolled 702 patients with
PCa, found that overall survival (OS) in patients with PCa was
associated with the homozygous BCL2-938 CC genotype [25].
In line with this evidence regarding the importance of BCL2
SNPs in PCa, Hirata et al. also emphasized the association be-
tween apoptosis-related gene polymorphisms and oncogenic
risk [26], while Souza et al. [27] found that the BCL2-938 C > A
polymorphism was related to an elevated risk of biochemical
recurrence following radical prostatectomy, in addition to serv-
ing as an independent predictor of both OS and recurrence-free
survival (RFS).

High levels of NKX3-1 protein expression are detectable within
prostate epithelial cells, wherein it functions to preserve pros-
tate specification and to support prostate ductal stem cell
maintenance while inhibiting inflammation, DNA damage,
and PCa incidence through its ability to shield the mitochon-
dria from oxidative injury [28]. Given its ability to tightly reg-
ulate prostate epithelial cell proliferation and differentiation
[29], NKX3-1 is regarded as the most important tumor sup-
pressor protein related to PCa incidence [30, 31]. Chen et al.
[32] demonstrated that a particular SNP (rs21687) within the
site where NKX3-1 binds to the promoter of the gene encod-
ing L-plastin may contribute to a lower risk of PCa incidence.
Martinez et al. [33] further demonstrated that polymorphic
NKX3-1 alleles can encode an abnormal version of this protein
with altered DNA binding activity that can impact the risk of
PCa incidence.

Caspase-3 and caspase-9 are firmly established as important
enzymatic mediators of apoptotic cell death [34]. Caspase-3
functions as the final executioner caspase within the apoptotic
pathway following its activation in response to pro-apoptotic
signals such that it can cleave substrate proteins to ensure
the progression of the apoptotic cascade [35]. Caspase-9, in
contrast, serves as an upstream initiator of apoptotic death
through its interactions with cytochrome ¢ and apoptosis
protease-activating factor 1, activating the apoptotic cascade
[36]. By catalyzing this signaling and the downstream activa-
tion of caspase-3 and other enzymes, caspase-9 can thus pro-
mote the clearance of abnormal cells to help maintain systemic
homeostasis [37]. Mittal et al. [38] reported that the CASP3
rs4647603 CT genotype and T allele were related to an elevated
risk of PCa in individuals who are obese, with a positive cor-
relation between caspase-3 and such cancer risk. Souza et al.
[16] further identified an association between CASP3, NKX3-1,
and BCL2 gene polymorphisms and PCa risk. These results
emphasize the close association between these particular SNPs
and PCa, suggesting that they may offer value as molecular bio-
markers that can guide the prognostic evaluation of patients
with this form of cancer.

Prior studies have explored the utility of particular SNPs as
molecular markers associated with PCA patient outcomes
[39, 40]. The combined analysis of SNPs in the NKX3-1,
CASP3, CASP9, and BCL2 genes has been tied to adverse PCa
patient outcomes [16, 25], suggesting the utility of these SNPs
as prognostic biomarkers in this context. However, additional
studies will be essential to validate the relevance of these
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FIGURE1 | The flowchart illustrating the search strategy used effectively to identify association between apoptosis-related genes and prostate

cancer risk.

findings and to assess the clinical relevance of these biomark-
ers. The present meta-analysis was thus conducted with the
goal of comprehensively screening published studies in order
to facilitate pooled analyses aimed at objectively clarifying the
link between apoptosis-related gene polymorphisms and PCa
risk. The results of this study will provide an evidence-based
foundation for early screening and clinical management strat-
egies for PCa patients.

2 | Materials and Methods

2.1 | Study Search Process

The PubMed, Web of Science, Google Scholar, Embase, Cochrane
Library, and SinoMed (CNKI and Wanfang) databases were
searched for relevant studies published through October 20,
2023, using the following keywords: “polymorphism” or “vari-
ant” and “carcinoma” or “cancer” or “tumor” and “NKX3-1,”
“CASP3” or “Caspase-3,” “CASP9” or “Caspase-9,” “BCL-2” or
“B-cell lymphoma” and “prostate cancer” or “PCa” or “prostate
adenocarcinoma.” There were no limitations placed on language
or year of publication.
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FIGURE 2 | 1000 Genomes database results corresponding to the

frequencies of signal site alleles in the NKX3-I (rs2228013, rs11781886,
and rs1512268), CASP3 (rs4647603), BCL2 (rs2279115), and CASP9
(rs1052571 and rs4645978) genes.

2.2 | Study Selection

Studies eligible for inclusion in the present meta-analysis were
those that: (i) focused on the association between specific
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apoptosis-associated gene polymorphisms and PCa risk, (ii)
were case—control studies, and (iii) provided sufficient genotype
numbers in the case and control groups. Studies were excluded if
they (i) did not include a control population, (ii) did not provide
complete information on genotype frequencies, (iii) were dupli-
cates, (iv) were meta-analyses, (v) were clinical trials, (vi) fo-
cused on other polymorphisms, or (vii) were systematic reviews.

2.3 | Data Extraction

Two investigators (YF and ZF) independently selected relevant
studies and used a standardized approach to extract the follow-
ing information from each study: first author, publication year,
country, study population ethnicity, control population source,

total case and control numbers, apoptosis-related genes of inter-
est, polymorphisms that were analyzed, numbers of genotypes
and alleles, Hardy-Weinberg equilibrium (HWE) results for
control subjects, and the genotyping methods employed.

2.4 | Statistical Analyses

Initially, data related to SNPs in apoptosis-related genes includ-
ing NKX3-1 (rs2228013, rs2228013, rs11781886, and rs1512268),
caspase-3 (rs4647603), BCL-2 (rs2279115), and caspase-9
(rs1052571, rs4645978, rs4645982) were extracted, with data for
each SNP being extracted from two or more studies. The eth-
nicity of participants in these studies was classified using two
different classification patterns (Asian, Caucasian, African, and
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FIGURE 3

| (A) The expression of the CASP3 gene in PCa. (B) Analyses of disease-free survival (DFS) for patients with PCa, revealing a positive

correlation between NKX3-1 expression and patient DFS. (C) BCL2 expression in PCa cases in the TCGA database with different sample types. PCa:

Prostate adenocarcinoma. TCGA: The Cancer Genome Atlas.
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South American) based on source analyses of control subgroups,
including hospital-based (HB) and population-based (PB) clas-
sifications. Genotypic distributions in cases and controls were
used to compute odds ratio (OR) values with 95% confidence in-
tervals (CIs) as a means of clarifying the association between
these apoptosis-related gene polymorphisms and PCa incidence.
These ORs were analyzed with Z-tests, and heterogeneity was
evaluated with the Q-test, with p <0.05 as the threshold used to
define significant heterogeneity. Fixed-effects models were used
unless significant heterogeneity was observed, in which case a
random-effects model was instead employed. Allelic contrast
(M-allele vs. W-allele), heterozygous (MW vs. WW), homozy-
gous (MM vs. WW), dominant (MM + MW vs. WW), and reces-
sive (MM vs. MW + WW) genetic models were then employed
to examine the associations between particular SNPs and sus-
ceptibility to PCa. Pearson's chi-square test was used to assess
the HWE status of control subjects, with p <0.05 as the thresh-
old used to define significance. Publication bias was assessed
based on Egger's regression test and Begg's funnel plots. Stata
11.0 (StataCorp LP, TX, USA) was used to perform all statistical
analyses.

2.5 | Bioinformatics Analyses

GEPIA (http://gepia.cancer-pku.cn/) was used to evaluate
CASP3 and NKX3-1 expression in PCa tumors and adjacent
tissues and to evaluate patient disease-free survival (DFS) with
NKX3-1. Similarly, the Cancer Genome Atlas (TCGA) database
(https://www.cancer.gov/ccg/research/genome-sequencing/
tcga) was used to compare BCL-2 expression levels in tumors
and normal tissues. The STRING database (http://string-db.
org/) was also used to construct gene-gene interaction networks
for each of these four apoptosis-associated genes in order to bet-
ter understand how they may contribute to PCa risk.

3 | Results
3.1 | Study Characteristics
An initial literature search revealed 2240 potentially relevant ar-

ticles, of which 2099 were excluded following title or abstract re-
view. Of the remaining articles, 141 were excluded because they
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FIGURES5 | A forest plot representing the relationship between the CASP9 rs1052571 polymorphism in PCa (GG+GA vs. AA model).

were duplicates (n=6), meta-analyses (n=23), clinical trials
(n=25), systematic reviews (n=12), or focused on other poly-
morphisms (n=57). The remaining articles included 20 reports
focused on associations between SNPs in these four apoptosis-
related genes of interest (NKX3-1, CASP3, CASP9, and BCL2)
and PCa. These included three articles related to BCL2 polymor-
phisms focused on rs2279115 were analyzed, as well as three
focused on the CASP3 rs4647603 SNP, seven focused on CASP9
SNPs (including two focused on rs1052571, three focused on
154645978, and two focused on rs4645982 that were retained for
analysis), and seven focused on NKX3-1 SNPs (including three
focused on rs2228013, two focused on rs1178188, and two fo-
cused on rs1512268). The basic characteristics of these studies
are summarized in Table 1, including the first author, publica-
tion year, country, ethnicity, control population source, numbers
of cases and controls, apoptosis-related genes of interest, poly-
morphisms of interest, numbers of genotypes and alleles, HWE
results, and genotyping methodology. In total, these case—control
studies included 9706 cases and 12,567 controls (Figure 1), with
control subjects primarily being derived from healthy popula-
tions. Overall, these analyses included 3 Caucasian, 9 Asian, 4
South American, and 4 American case-control studies, of which

11 and 9 were respectively based on HB and PB populations.
Next, the 1000 Genomes Browser was used to assess the minor al-
lele frequency (MAF) values for rs2228013 (NKX3-1), rs11781886
(NKX3-1), 151512268 (NKX3-1), rs4647603 (CASP3), rs2279115
(BCL2), 151052571 (CASP9), and rs4645978 (CASP9) in six major
global populations (https://www. ncbi.nlm.nih.gov/snp/rs222
8013\rs11781886\rs1512268\rs4647603\rs2279115\rs1052571\
rs4645978) (Figure 2). Based on HWE values, 18 articles were
eligible for inclusion in pooled analyses. The TCGA database
revealed that CASP3 expression in PCa tumor samples was el-
evated relative to normal tissues (p <0.05) (Figure 3A), whereas
BCL2 was downregulated in PCa tumors (p <0.05) (Figure 3B).
PCa patients expressing higher NKX3-1 levels also trended to-
ward exhibiting better DFS outcomes relative to patients express-
ing lower levels of this tumor suppressor gene (Figures 3C).

3.2 | Meta-Analysis

In pooled analyses, NKX3-I 1s2228013 (GA vs. AA,
OR=1.18, 95% CI=1.00-1.38, Py . ouencity="0-365, p=0.047,

Figure 4), CASP9 151052571 (GG+GA vs. AA, OR=1.19,
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FIGURE6 | A forest plot representing the relationship between the CASP9 rs4645978 polymorphism in PCa (GG vs. GA+AA model).

95% CI=1.01-1.40, Py opencity =0-850, p=0.037, Figure 5),
and CASP9 rs4645982 (GG vs. GA+AA, OR=1.41, 95%
CI=1.03-1.93, Pheterogeneity:0.431, p=0.032, Figure 6) were
associated with an elevated risk of PCa when evaluated using
different genetic models. Conversely, CASP3 rs4647603 was as-
sociated with a significant reduction in PCa risk (GG vs. AA,
OR=0.44,95% CI=0.26-0.75, Py 101 penciry = 0-647, p=0.002; GG
vs. GA+AA, OR=0.61,95% CI=0.43-0.87, P, . oeneity = 0-594,
p=0.006; G-allele vs. A-allele, OR=0.82, 95% CI=0.68-0.99,
=0.113, p=0.041, Figure 7) (Table 2).

Pheterogeneity

3.3 | Gene-Gene Interaction Network Analyses

In order to better understand the role of apoptotic genes in pros-
tate cancer, the STRING database was next used to characterize
the interactions among NKX3-1, caspase-3, BCL-2, caspase-9,
and a variety of other genes (Figure 8). The genes that were
most closely associated with NKX3-1 included SAM-pointed
domain-containing Ets transcription factor (SPDEF), andro-
gen receptor (AR), RAC-alpha serine/threonine protein kinase

(AKT1), transmembrane protease serine 2 (TMPRSS2), and
RAC-beta serine/threonine protein kinase (AKT2). The genes
most closely associated with caspase-3 included the E3 ubig-
uitin ligase XIAP, poly [ADP-ribose] polymerase 1 (PARPI),
and baculoviral IAP repeat-containing protein 2 (BIRC2). The
genes most closely associated with BCL-2 included beclin-1,
the apoptosis regulator BAX, and the antitumor protein p53
(TP53). The genes most closely associated with caspase-9 in-
cluded CYS (Cytochrome c, somatic\Cytochrome c\Electron
carrier protein), XIAP, and apoptotic protease-activating factor
1 (APAFD).

4 | Discussion

PCa is among the most common cancers in the world, but many
affected patients experience progressive disease and fail to at-
tain persistent benefits from therapeutic interventions [41].
Apoptosis is an important target of cancer treatment efforts
given the important role that this process plays in restraining
the proliferation of malignant or injured cells [42]. Members of
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FIGURE 7 | A forest plot representing the relationship between the CASP3 rs4647603 polymorphism in PCa (G-allele vs. A-allele model).

the BCL-2 gene family function as key regulators of apoptotic ac-
tivity with the potential to be leveraged to enable the more effec-
tive treatment of PCa and other forms of cancer [43]. Many prior
reports have also documented key roles for caspase-3, caspase-9,
and NKX3-1 as regulators of apoptotic death, particularly in the
context of treating PCa [44, 45].

Several prior reports have focused on polymorphisms in the
genes encoding BCL-2, caspase-3, caspase-9, and NKX3-1, and
their relevance to cancer treatment. For example, Javid et al.
[46] pointed out that the BCL-2 (-938 CC) genotype was an
independent poor prognostic factor in patients with non-small
cell lung cancer. Furthermore, in vitro studies of PCa cell lines
(from androgen-insensitive and androgen-sensitive tumors)
have shown that drug-induced reductions in prostatic inflam-
mation are associated with tumor apoptosis and death through
specific mitochondrial pathways involving BCL-2 [47]. The
CASP3 rs4647601 TT genotype has also been linked to head
and neck squamous cell carcinoma risk [48], while CASP9

rs4645981C is related to lung cancer incidence [49]. Gelmann
et al. [42] highlighted the association between particular
NKX3-1 allelic mutations and PCa risk. These data emphasize
the relevance of apoptosis-associated gene polymorphisms
and cancer risk. Systematic studies focused on such polymor-
phisms in PCa and other cancer types, however, are lacking.

Through pooled analyses of prior case-control studies, the
present data highlight the clinical relevance of specific SNPs
in apoptosis-related genes to PCa risk. Stratified analyses re-
vealed that the NKX3-1 rs2228013, CASP9 rs1052571, CASP9
rs4645982, and CASP3 rs4647603 SNPs were all closely tied
to the risk of this cancer type. Specifically, the former three of
these polymorphisms were identified as risk factors for PCa,
whereas CASP3 rs4647603 was a protective factor associated
with a lower risk of disease.

Dysregulated apoptotic activity is a key factor that contrib-
utes to the inability of malignant cells to undergo appropriate
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Your Input:

protein Nkx-3.1; factor, which binds preferentially the consensus sequence 5-TAAGT[AG]-3'
and can behave as a transcriptional repressor. Plays an important role in normal prostate development, regulating

© NKX31 of glandular and in the of ducts in prostate. Acts as a tumor suppressor SRR
controlling prostate carcinogenesis, as shown by the ability to inhibit proliferation and invasion activities of PC-3 £ § g § § 223
prostate cancer cells; Belongs to the NK-3 homeobox family (234 aa) § E é § £ § E é o
Predicted Functional Partners: § é E § % § § i ;5,
@ SPDEF SAM pointed domain-containing Ets transcription factor; May function as an androgen-independent transactivator of t... . . 0.960
® AR Androgen receptor; Steroid hormone receptors are ligand-activated transcription factors that regulate eukaryotic gene ... . 0.917
© AKT1 RAC-alpha serine/threonine-protein kinase; AKT1 is one of 3 closely related serine/threonine- protein kinases (AKT1, A... LY 0.889
@ TMPRSS2 Transmembrane protease serine 2; Serine protease that proteolytically cleaves and activates the viral spike glycoprote... . 0.820
@ AKT2 RAC-beta serine/threonine-protein kinase; AKT2 is one of 3 closely related serine/threonine- protein kinases (AKT1, A.. . 0.809
@ AKT3 RAC-gamma serine/threonine-protein kinase; AKT3 is one of 3 closely related serine/threonine- protein kinases (AKT],... 0.807
@ SRF Serum response factor; SRF is a transcription factor that binds to the serum response element (SRE), a short sequenc... e e 0806
@ HDAC1 Histone 1/2; Histone 15 for the of lysine residues on the N-termina... . . 0.793
@ KLK3 Kallikrein related 3P P antigen; in-1 thus leading to the liquefaction of t... . 0.747
@ PTEN Phosphatase and tensin homolog; Tumor . Acts as a dual- ity protein rylati.. . 0.688
Your Input:
\pop regulator Bel-2; Sup, in a variety of cell systems including factor-dependent
ic and neural cells. cell death by the mit i
® BCL2 Appears to function in a feedback loop system with caspases. Inhibits caspase activity either by preventing the
release of cytochrome ¢ from the mitochondria and/or by binding to the apoptosis-activating factor (APAF-1). May T
attenuate inflammation by impairing NLRP1-inflammasome activation, hence CASP1 activation and IL 1B release; £ é g § '§ 223
BCL2 family (239 aa) § 2 3 LE '§ é 2 "
3 . S8 5I8SES
Predicted Functional Partners: 28388582 X§
® BECN1  Beclin-1; Plays a central role in autophagy. Acts as core subunit of the PI3K complex that mediates formation of phosp... LR 0.999
©® BAX \poptosis regulator BAX; cell death by binding to, and antagonizing the apoptosis repressor ... ® e e » 0998
© TP53 Cellular tumor antigen p53; Acts as a tumor suppressor in many tumor types; induces growth arrest or apoptosis depen.. LY 0.995
@ BAD Bcl2-associated agonist of cell death; Promotes cell death. Successfully competes for the binding to Bel-X(L), Bcl-2 a .o 0.995
© BCL2L11 Bcl-2-like protein 11; Induces apoptosis and anoikis. Isoform Biml is more potent than isoform BimEL. Isoform Bim-alp... e e o 0992
® BK Bcl-2-ir killer; cell death. to the BclX(L), BHRF1, B... . e 0.990
© BBC3 Bcl-2-binding component 3; Essential mediator of p53/TP53-dependent and p53/TP53- independent apoptosis. Isofor... . e 0.990
@ BD BHB3-interacting domain death agonist; The major proteolytic product p15 BID allows the release of cytochrome ¢ (By si.. e e s 098
@ BCL2L1  Bcl-2-like protein 1; Potent inhibitor of cell death. Inhibits activation of caspases. Appears to regulate cell death by bloc... ® e o o 0987
® FKBP8  Peptidyl-prolyl cis-trans i FKBPS; C« inactive PPiase, which becomes active when bound to calmod... L] 0.986
Your Input:
Caspase-3; Involved in the activation cascade of caspases responsible for apoptosis execution. At the onset of
apoptosis it proteolytically cleaves poly(ADP-ribose) polymerase (PARP) at a '216-Asp-|-Gly-217' bond. Cleaves and
@ CASP3 activates sterol regulatory element binding proteins (SREBPs) between the basic helix-loop- helix leucine zipper 3 -
domain and the membrane attachment domain. Cleaves and activates caspase-6, -7 and -9. Involved in the cleavage g § § 'ﬁ é 22 E
of huntingtin. Triggers cell adhesion in sympathetic neurons through RET cleavage (277 aa) $ ‘?, g § g 2 E § .
Predicted Functional Partners: § E § § l% "Q“': 8 i ,?,
® XIAP  E3ubiquitin-protein ligase XIAP; Multi-functional protein which regulates not only caspases and apoptosis, but also mo... e e o 0999
@ PARP1  Poly [ADP-ribose] polymerase 1, Involved in the base excision repair (BER) pathway, by catalyzing the poly(ADP-ribosyl)... . 0.998
@ BIRC2 iral IAP rep protein 2; Multi- protein which regulates not only caspases and apoptosis, b... e e e 0998
® BIRC3 IAP rep protein 3; Multi protein which regulates not only caspases and apoptosis, b... e e e 09%
©® APAF1  Apoptotic prot: factor 1; ic Apaf-1 mediates the ic activatio... . e 0.996
@® CYCS  Cytochrome ¢, somatic; Cytochrome c; Electron carrier protein. The oxidized form of the cytochrome c heme group can.... e e 0995
@ CDKN1A Cyclin-dependent kinase inhibitor 1; May be involved in p53/TP53 mediated inhibition of cellular proliferation in respons... . e 0.994
@ CTNNB1 Catenin beta-1; Key of the ! Wnt signaling pathway. In the absence of Wnt, forms a co... e o 0.990
® DFFA Dna fragmentation factor, 45 kd, alpha subunit; DNA fragmentation factor subunit alpha; Inhibitor of the caspase-activat.. e o 0.990
® CDH1  Cadherin-1; Cadherins are calcium-dependent cell adhesion proteins. They preferentially interact with themselves in a h... LRI 0.989
Your Input:
Caspase-9; Involved in the activation cascade of caspases for Binding of casp:
S o Apaf- 1 leads to activation of the protease which then cleaves and activates caspase-3. Promotes DNA damage- Sl
induced is in a ABL1/c-Abl- ‘manner. cleaves poly(ADP- ribose) polymerase (PARP); g g % E g 2 g, 'E.‘
Apoptosome (416 aa) § SSEE £ £ 2 .
n ) SeS5IEs5§
Predicted Functional Partners: 238388828
® CYCS  Cytochrome c, somatic; Cytochrome c; Electron carrier protein. The oxidized form of the cytochrome ¢ heme group can a... ® 00 0.999
@ XIAP  E3ubiquitin-protein ligase XIAP; Multi-functional protein which regulates not only caspases and apoptosis, but also mod.. LAY 0.999
©® APAF1  Apoptotic prot til factor 1, O ic Apaf-1 mediates the tivatic .o 0.999
@ BIRC3 IAP rep: protein 3; Multi- protein which regulates not only caspases and apoptosis, b. * o 0.997
@ BIRC2 IAP repeat- protein 2; Multi- protein which regulates not only caspases and apoptosis, b. * e 0.997
@ DIABLO Diablo homolog, mitochondrial; Promotes apoptosis by activating caspases in the cytochrome c/Apaf-1/caspase-9 path... C e e 0.995
® BIRC8  Baculoviral IAP repeat-containing protein 8; Protects against apoptosis mediated by BAX; Belongs to the IAP family . . 0.990
@ CASP3 Caspase-3; Involved in the activation cascade of caspases responsible for apoptosis execution. At the onset of apoptosi.. e o o o 0988
© AKT1  RAC-alpha serine/threonine-protein kinase; AKTT is one of 3 closely related serine/threonine- protein kinases (AKTT, AK... e e 0984
@ BIRC7  Baculoviral IAP repeat-containing protein 7; Apoptotic regulator capable of exerting proapoptotic and anti-apoptotic activ. e e e 0982

FIGURE 8 | (A-D) Networks documenting interactions between NKX3-1 (A), caspase-3 (B), BCL-2 (C), and caspase-9 (D) and other genes as re-

trieved using the STRING database, with details provided for 10 core genes in each case.

programmed cell death in PCa tumors [50]. The present data

highlight the close relationship between multiple apoptosis-
associated genes and cancer-related outcomes, in line with
the ability of SNPs in these genes to alter apoptotic signaling
activity and thereby influence PCa incidence and progression.

Members of the BCL-2 gene family, for example, are well es-
tablished as important regulators of apoptotic death [23], with
BCL-2 overexpression contributing to the development of this
cancer type. Particular SNPs in these genes can contribute to
altered signaling that enables transformed cells to more readily
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grow and metastasize. Efforts focused on studying SNPs in
apoptosis-associated genes thus have the potential to inform
research focused on the mechanistic drivers of PCa incidence
while also allowing for better predictions of disease suscepti-
bility on an individualized basis and facilitating personalized
treatment planning. Research analyzing SNP distributions in
various populations can also help clarify the genetic hetero-
geneity of PCa risk, thereby uncovering new therapeutic tar-
gets and approaches to preventing or treating this devastating
disease.

There are certain limitations to this meta-analysis. First, two
of the included studies failed to conform to the HWE. Gene-
environment interactions and a range of other covariates have
the potential to influence the findings of these pooled analyses,
emphasizing a need for future comprehensive research efforts
aimed at fully clarifying the association between particular
genes and PCa-related risk. There are also many apoptosis-
related genes that were not included in this meta-analysis,
such as the BRAC gene [51]. Continuing to pay attention to
this aspect and making more perfect supplements is what
our research group needs to improve. Even so, the present re-
sults offer greater statistical power than that afforded by any
individual analysis, and the employed selection criteria were
strict such that high-quality case—control studies were used as
a basis for these analyses, ensuring that the results are more
robust and reliable.

5 | Conclusion

In summary, the results of the present meta-analysis suggest
that certain SNPs in the genes encoding the apoptosis-related
proteins NKX3-1, caspase-3, caspase-9, and BCL-2 are associ-
ated with the risk of PCa. Future large-scale research efforts,
however, will be vital to fully confirm the role of these and other
apoptosis-related gene polymorphisms in shaping PCa onset
and progression.
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