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Abstract

Suicidal behavior is a multifactorial and highly heritable phenotype; however, data concern-
ing its genetic determinants in disparate ethnic groups remain limited. Genes implicated
in serotonergic neurotransmission and stress response regulation are regarded as primary
candidates for elucidating biological vulnerability to suicide. The objective of this study
is to investigate the relationship between suicide attempts and candidate gene polymor-
phisms in an ethnically homogeneous Kazakh population from Astana, Kazakhstan. The
study’s sample population comprised 126 patients with a documented history of sui-
cide attempts and 120 age- and gender-matched controls without a history of suicidal
behavior. A comprehensive genotyping analysis was conducted, encompassing polymor-
phisms in genes associated with serotonergic signaling, stress response, and neuroplasticity
(TPH1, TPH2, HTR2A, MAOA, SLC6A4, ANKK1, BDNF, COMT, CXCL8, SKA2, and FKBP5).
The associations were assessed across several genetic models, using odds ratios with
95% confidence intervals. A substantial correlation was identified between the HTR2A
rs6311 polymorphism and suicide attempts. The CC genotype exhibited a protective effect
(p = 1.36 × 10−5), while the TT genotype was associated with an elevated risk (OR = 3.16;
95% CI: 1.72–5.81). The association remained robust after stratification by sex, with an even
stronger effect observed in women (OR = 4.70; 95% CI: 2.08–10.64). A nominal sex-specific
association was observed for the SKA2 rs7208505 variant, suggesting a potential role in
stress-response mechanisms in women; however, this association was no longer statistically
significant after adjustment for multiple comparisons. These results identify HTR2A rs6311
as a potential genetic marker of suicide risk in the Kazakh population and support the
involvement of serotonergic receptor regulation in the biological mechanisms underlying
suicidal behavior. The results underscore the significance of sex-specific genetic influences,
thereby enhancing our understanding of the polygenic underpinnings of suicidality.
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1. Introduction
Suicidal behavior is a multifactorial phenomenon caused by the complex interaction of

biological, psychological, social, and cultural factors. In recent decades, it has been identi-
fied as one of the primary causes of premature mortality on a global scale and a substantial
public health concern [1]. According to a report by the World Health Organization (WHO),
one individual dies by suicide every 40 s, amounting to more than 800,000 deaths annu-
ally. Furthermore, for every death by suicide, there are more than 20 suicide attempts [2].
According to estimates derived from twin and family studies, the heritability of suicidal
behavior ranges from 30 to 50%, suggesting a substantial contribution of genetic factors
in the development of individual vulnerability [3–5]. The prevailing hypothesis posits
that genetic predisposition manifests through its influence on intermediate neurobiological
phenotypes, including emotion regulation, impulsivity, stress reactivity, and cognitive
control [6]. An analysis of epidemiological data indicates that Kazakhstan is among the
countries with relatively high suicide mortality rates. The prevalence of suicidal behav-
ior demonstrates pronounced age specificity, with a peak observed among individuals
aged 15–19 years [7]. Among the socioeconomic factors examined, unemployment has
been identified as a particularly salient predictor of elevated suicide rates, particularly
among male populations [8]. Despite this, the biological mechanisms of suicidal behavior
in Central Asian populations remain poorly understood, while most genetic studies have
been conducted primarily in European and East Asian samples [9–12]. This underscores
the necessity for population-specific studies that are designed to identify the molecular
determinants of suicide risk.

Current neurobiological models of suicidal behavior posit the involvement of several
interconnected signaling systems, including serotonergic and dopaminergic neurotransmis-
sion, hypothalamic–pituitary–adrenal (HPA) axis regulation, neuroplasticity, and neuroin-
flammation [6,13–15]. Dysfunction of these systems can disrupt adaptive stress-response
mechanisms, increase emotional reactivity, and lead to the development of destructive
behavioral strategies.

Among the biological systems involved in the pathogenesis of suicidal behavior, sero-
tonergic neurotransmission plays a key role. Serotonin (5-hydroxytryptamine, 5-HT) is
a neurotransmitter that plays a role in the regulation of mood, anxiety, aggression, impul-
sivity, and sleep. It is considered a central neurotransmitter associated with suicidality [16].
The functioning of the serotonin system is ensured by the coordinated action of genes en-
coding enzymes of synthesis (TPH1, TPH2), transport (SLC6A4), and metabolism (MAOA)
of serotonin, as well as its receptors (HTR1A, HTR2A, HTR2C) [17]. Genetic polymorphisms
of these genes have been demonstrated to result in a decrease in the availability of sero-
tonin [18], disruption of signal transmission through serotonin receptors, and changes in
stress reactivity. These alterations contribute to the formation of pathological behavioral
patterns, including suicidal tendencies [19–21].

In the context of suicidal behavior, particular attention has been given to the HTR2A
gene, which encodes the 5-HT2A receptor. This receptor is widely expressed in the pre-
frontal cortex, neocortex, and hippocampus—structures that are critically involved in
regulating emotion, cognitive control, and behavior [22]. Among the polymorphisms with
potential functional significance are rs6311 (T102C) and rs6313 (A1438G), both of which
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have the capacity to affect receptor expression and alter sensitivity to serotonin [23]. How-
ever, the existing data on the association of these polymorphisms with suicidal behavior
remain contradictory and have not previously been studied in the Kazakh population [24].

In addition to receptor mechanisms, the genes involved in serotonin biosynthesis may
play an important role. The TPH1 and TPH2 genes, which encode isoforms of tryptophan
hydroxylase—a pivotal enzyme in serotonin biosynthesis—are also regarded as significant
candidates in the context of suicidal behavior research [25,26]. Polymorphic variants of
TPH1, including A218C, have been associated with changes in serotonin metabolism and
an increased risk of mental disorders and suicidal tendencies [27,28]. Additionally, studies
have identified tryptophan metabolism disturbances in patients with depressive disorders
and suicidal tendencies [29]. Functional polymorphisms in TPH2 have been described,
including rs4570625, which is associated with variability in the stress response and affective
states. However, the research results remain controversial [30,31].

The SLC6A4 gene, which encodes the serotonin transporter, plays a pivotal role in
regulating the synaptic availability of serotonin [32,33]. The 5-HTTLPR polymorphism
has been linked to heightened amygdala reactivity to emotional stimuli, anxiety, and
an elevated risk of addiction, particularly in conjunction with depressive and anxiety
disorders [34,35]. However, its role in suicidal behavior remains a subject of debate.

Genes implicated in the regulation of monoaminergic neurotransmission, including
MAOA, ANKK1, and COMT, are regarded as significant candidates for research on suicidal
behavior. This is due to their involvement in catecholamine metabolism, impulsivity
regulation, and behavioral control. The MAOA gene, which is located on the X chromosome,
is responsible for encoding the enzyme monoamine oxidase A (MAOA). This enzyme plays
a crucial role in the degradation of neurotransmitters such as serotonin, dopamine, and
norepinephrine. The MAOA gene influences the regulation of mood, motivation, and
cognitive function in humans [36,37]. Variations in the regulatory region of the gene,
including VNTR polymorphisms, have been demonstrated to modulate the level of enzyme
expression and monoamine concentrations in the brain [38,39]. Although low-activity
alleles have previously been associated with aggression and antisocial behavior, data on
the association of MAOA with suicidality do not allow for definitive conclusions [40–45].

The ANKK1 gene encodes a protein containing ankyrin repeats and a kinase domain
and is considered to be functionally linked to the dopaminergic system [46]. Of particular
interest is the Taq1A polymorphism (rs1800497), which was previously associated with
the dopamine receptor gene DRD2. However, subsequent research has attributed this
polymorphism to ANKK1. It has been posited that the impact of this variant on the risk
of mental and behavioral disorders, including addictive and suicidal behavior, may be
mediated by alterations in dopamine signaling pathways [47–49]. A substantial body of
research has demonstrated that the TT rs1800497 genotype functions as an independent
risk factor for suicide attempts, both in the overall sample and following gender-based
stratification [50]. This finding supports its inclusion in the present study.

The COMT gene, which is responsible for encoding the catechol-O-methyltransferase
enzyme, plays a pivotal role in the metabolic process of catecholamines, such as dopamine,
norepinephrine, and epinephrine [51,52]. The functional polymorphism rs4680 (Val158Met)
exerts a substantial influence on the catalytic activity of the enzyme. Carriage of the
Met allele is associated with reduced COMT activity and elevated dopamine levels in the
prefrontal cortex, which may, in turn, affect cognitive control, emotion regulation, and
impulsivity [53,54]. It has been posited that these associated changes may impact cognitive
control and emotional resilience. However, the results of association studies demonstrate
a pronounced population dependence [55].
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The regulation of the stress response is also considered a critical component of bio-
logical vulnerability. The FKBP5 and SKA2 genes are considered to be pivotal elements in
the regulation of the hypothalamic–pituitary–adrenal axis (HPA) and the stress response.
The dysfunction of these genes has been demonstrated to contribute to the development of
suicidal behavior. The FKBP5 gene, which is associated with the regulation of glucocorti-
coid receptor sensitivity and the effectiveness of cortisol negative feedback, is a subject of
particular interest [56]. Genetic variations in the FKBP5 gene have been associated with
alterations in gene expression and epigenetic modifications, particularly in conditions of
early psychosocial stress. These variations have been linked to increased stress reactivity,
emotional dysregulation, and reduced stress adaptation [57–60]. It has been posited that
FKBP5 dysregulation may serve as a mediator for the association between chronic stress,
HPA axis dysfunction, and alterations in neuronal plasticity within corticolimbic brain
structures, which could potentially elevate the risk of suicidal behavior [61,62]. How-
ever, data from association studies of FKBP5 remain limited and largely contradictory,
particularly across ethnic populations.

The SKA2 gene (FAM33A) is known to encode a protein that is associated with the
spindle and kinetochore [63]. Decreased expression of the SKA2 protein has been associated
with the development of depressive disorders and suicidal behavior [64]. In the context of
neuropsychiatric disorders, SKA2 is of particular interest due to its role in regulating the
stress response. The SKA2 protein is involved in the translocation of the glucocorticoid
receptor into the cell nucleus, thereby modulating cortisol sensitivity and the effectiveness of
HPA axis negative feedback [65]. As demonstrated in the studies conducted by Guintivano
et al. (2014) and Niculescu et al. (2015), there was a decrease in SKA2 expression and
an alteration in epigenetic regulation in individuals who died by suicide [66,67]. These
studies also demonstrated the high prognostic value of this gene as a peripheral biomarker
of suicidality in blood samples [66,67].

Genes that play a role in the regulation of neuroplasticity and the inflammatory
response are considered important components of biological vulnerability to suicidal be-
havior. BDNF (brain-derived neurotrophic factor) plays a pivotal role in the processes of
proliferation, differentiation, and survival of neurons, as well as in maintaining synap-
tic plasticity. The highest BDNF expression has been observed in the hippocampus and
cerebral cortex—structures involved in the regulation of cognitive and emotional func-
tions [68]. The functional polymorphism Val66Met (rs6265) has been demonstrated to
influence intracellular transport and activity-dependent secretion of BDNF. This variant
has been previously linked to depressive disorders, suicide attempts, cognitive impairment,
and decreased neuroplasticity, particularly in conditions of chronic stress [69,70].

Furthermore, neuroinflammation is regarded as a promising field in the search for
biomarkers of suicidal behavior. Interleukin-8 (IL-8), which is encoded by the gene identi-
fied as CXC8, belongs to the CXC-chemokine family. It plays a pivotal role in the inflam-
matory response, regulating immune cell migration and activation through interactions
with specific receptors and glycosaminoglycans [71,72]. The rs1126647 polymorphism of
the CXCL8 gene has previously been associated with inflammatory diseases and a number
of mental disorders, suggesting it as a potential genetic marker of inflammation-mediated
psychopathological phenotypes [73]. However, genetic studies of the chemokine CCL8
in the context of suicidal behavior remain limited, particularly in non-European popu-
lations, highlighting the need for further research considering the interactions between
inflammatory, neurotransmitter, and stress-regulatory mechanisms.

Consequently, suicidal behavior is influenced by a multifaceted interplay of sero-
tonergic, monoaminergic, stress-regulatory, neuroplastic, and inflammatory mechanisms.
Despite the substantial body of data obtained primarily in European populations, the role
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of genetic factors in suicidal behavior in the Kazakh population remains to be elucidated.
The novelty of this study lies in its comprehensive assessment of polymorphisms in the
genes TPH1 (rs211105, rs7933505), TPH2 (rs4570625, rs4641528, rs13886494), HTR2A (rs6313,
rs6311), MAOA (rs5906957), SLC6A4 (rs6355), ANKK1 (rs1800497), BDNF (rs6265), COMT
(rs4680), CXCL8 (rs1126647), SKA2 (rs7208505), and SLC6A4 (rs6355) in representatives of
the Kazakh population who attempted suicide, taking into account possible sex differences.
The objective of the present study was to evaluate the associations between suicide at-
tempts and candidate gene polymorphisms, with the aim of deepening our understanding
of the molecular genetic mechanisms of suicidal behavior and identifying potential genetic
risk markers.

2. Results
2.1. Characteristics of the Study Participants

The present study comprised 246 participants. Of the 126 patients with documented
suicide attempts, 38 (30%) were male, and 88 (70%) were female, yielding a female-to-
male ratio of 1:0.43. The mean age ± standard deviation (SD) of suicide attempt cases
was 36.23 ± 15.9 years. The mean values for men and women were 41.21 ± 14.86 and
33.85 ± 15.87, respectively (see Table 1). The 18–29 age group was the most prevalent,
accounting for 47.6% of patients, 80% of whom were female.

The control group consisted of individuals who were matched for age, gender, and
ethnicity (Kazakhs). The mean age ± SD of the control group was 33 ± 12.74 years. Of
the 120 subjects, 37 (30.8%) were male, and 83 (69.2%) were female. The mean age was
34.48 ± 15.25 years for men and 32.55 ± 11.55 years for women (see Table 1). A subsequent
analysis of the gender distribution between the study and control groups revealed no
significant differences (p > 0.05).

The study found no statistically significant differences between the groups in terms
of age or gender, indicating adequate comparability between the samples. Marital status
also did not differ significantly between the groups. However, substantial discrepancies
were observed in educational level (p = 0.01) and occupational status (p < 0.001). Patients
who had attempted suicide were more likely to be unemployed, while the control group
was more likely to be employed. Moreover, a lower proportion of patients had less than
a college degree compared to the control group.

The clinical diagnoses were assessed exclusively within the patient group, with adjust-
ment disorder being the most prevalent condition, followed by alcohol use disorder and
major depressive episodes without psychotic symptoms.

2.2. Results of the Distribution of Genotype Frequencies by Loci

The overall genotype and allele distribution for the analyzed SNPs is presented
in Table 2 for descriptive and quality assurance purposes. For greater analytical trans-
parency, allele frequencies stratified by case–control status are additionally reported in
Supplementary Table S1, enabling a more detailed evaluation of between-group differences.
The analysis of associations with suicide attempts was conducted taking into account age
categories; however, no statistically significant differences in the genotype distribution
between patients and controls in age subgroups were found (p > 0.05).

For the rs211105 polymorphism of the TPH1 gene, the genotype distribution complied
with the Hardy–Weinberg equilibrium, and the minor allele frequency was 24.2%. rs7933505
polymorphism of the TPH1 gene demonstrated a significant deviation from the Hardy–
Weinberg equilibrium and was excluded from further analysis. The HTR2A gene poly-
morphisms (rs6313 and rs6311) were in population equilibrium; the minor allele frequency
for rs6311 was 48.6%. For the TPH2 gene, the rs4641528 polymorphism was in Hardy–
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Weinberg equilibrium, whereas the rs4570625 and rs1386494 polymorphisms demonstrated
significant deviations from population equilibrium conditions (p < 2.2 × 10−16) and were
excluded from further analysis.

Table 1. Sociodemographic and clinical characteristics of study participants.

Category Controls (n = 120) Patients (n = 126) p-
Value

Age 0.076 1

mean age ± SD 33 ± 12.74 36.23 ± 15.9

Sex 0.91 †

Women 69.8% 69.2%

Men 30.2% 30.85%

Marital status 0.07 †

Married 34.5% 44.3%

Single 61.8% 47.7%

Divorced/Widowed 3.7% 8%

Level of education 0.01 †

Secondary 51.1% 60.1%

Incomplete higher education 21.3% 8.6%

Higher education 27.6% 31.3%

Occupation <0.001
†

Employed 54.5% 29.2%

Not employed 8.1% 45.2%

Student 37.4% 25.6%

Clinical Diagnosis

F43.2—Adjustment Disorders 85 (67.46%) - -

F10—Alcohol-Induced Mental and
Behavioral Disorders 17 (13.5%)

F32.2—Severe Depressive Episode
Without Psychotic Symptoms 12 (9.52%)

Z04.8—Examination and Observation
for Other Specified Causes 6 (4.76%)

F31.1—Bipolar Affective Disorder.
Current Episode Manic Without
Psychotic Symptoms

3 (2.38%)

Refusal to Consult a Psychotherapist 3 (2.38%)
1 Continuous variables were compared using Welch’s t-test. † Categorical variables were compared using the
chi-square test.

The rs5906957 polymorphism in the MAOA gene, located on the X chromosome, was
analyzed in light of the inheritance characteristics of X-linked genes. The MAOA gene
is located on the X chromosome; because males are hemizygous, the standard test of
Hardy–Weinberg equilibrium in a combined sample of males and females is not valid
and was not used. The ANKK1 (rs1800497), COMT (rs4680), SKA2 (rs7208505), and FKBP5
(rs3800373) gene polymorphisms met population equilibrium conditions, and the minor
allele frequencies were within the expected ranges for the study population.

The BDNF rs6265 and CXCL8 rs1126647 polymorphisms were excluded from further
analysis due to significant deviations from Hardy–Weinberg equilibrium (p < 2.2 × 10−16
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and p < 1.30 × 10−7, respectively). The SLC6A4 rs6355 polymorphism had an extremely
low minor allele frequency and no carriers of the homozygous minor genotype, which
significantly limited the statistical power of this SNP.

Table 2. Overall distribution of genotypes and allele frequencies of the analyzed SNPs in the general
study population.

Gene SNP 1 Genotype, n (%) Allele, n (%) χ2 (HWE 2) p-Value

TPH1 rs211105
CC—19 (7.72)
CT—81 (32.93)

TT—146 (59.35)
C—119 (24.19) T—373 (75.81) 2.57 0.277

rs7933505
AA—38 (15.45)

AG—166 (67.48)
GG—42 (17.07)

A—242 (49.19) G—250 (50.81) 30.46 <0.001

HTR2A rs6313
AA—33 (13.42)

AG—125 (50.81)
GG—88 (35.77)

A—191 (38.82) G—301 (61.18) 1.20 0.550

rs6311
CC—59 (23.98)
CT—121 (49.19)
TT—66 (26.83)

C—239 (48.58) T—253 (51.42) 0.06 0.971

TPH2 rs4570625
GG—96 (39.03)
GT—148 (60.16)

TT—2 (0.81)
G—340 (69.11) T—152 (30.89) 774.93 <0.001

rs4641528
CC—52 (21.14)
CT—121 (49.19)
TT—73 (29.67)

C—225 (45.73) T—267 (54.27) 0.02 0.990

rs1386494
TT—49 (19.92)

TC—197 (80.08)
CC—0 (0.00)

T—295 (60.00) C—197 (40.00) 109.71 <0.001

SLC6A4 rs6355
CC—239 (97.15)

CG—7 (2.85)
GG—0 (0.00)

C—485 (98.58) G—7 (1.42) 0.05 0.975

ANKK1 rs1800497
AA—23 (9.35)

AG—100 (40.65)
GG—123 (50.00)

A—146 (29.67) G—346 (70.33) 0.17 0.920

BDNF rs6265
CC—199 (80.89)

CT—23 (9.35)
TT—24 (9.76)

C—421 (85.57) T—71 (14.43) 95.01 <0.001

COMT rs4680
AA—39 (15.85)

AG—113 (45.94)
GG—94 (38.21)

A—191 (38.82) G—301 (61.18) 0.27 0.875

CXCL8 rs1126647
AT—148 (60.16)
AA—89 (36.18)

TT—9 (3.66)
A—326 (66.26) T—166 (33.74) 31.72 <0.001

SKA2 rs7208505
AA—70 (28.45)

AG—123 (50.00)
GG—53 (21.55)

A—263 (53.46) G—229 (46.54) 0.01 0.997

FKBP5 rs3800373
AA—58 (23.57)
AC—129 (52.43)
CC—59 (24.00)

A—245 (49.80) C—247 (50.20) 0.586 0.746

1 Single-nucleotide polymorphism, 2 Hardy–Weinberg equilibrium was assessed in the control group as a quality
control measure.
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2.3. Results of Association Analysis of Genetic Polymorphisms

As a result of the search for associations, a statistically significant association was
revealed between the rs6311 polymorphism of the HTR2A gene and the presence of suicide
attempts in the total sample (Table 3). In the additive model, the homozygous CC genotype
showed a significant protective effect and was observed at a lower frequency among
patients with suicide attempts than in the control group (p = 1.36 × 10−5). Conversely, the
presence of the TT genotype was associated with a more than threefold increase in the
risk of suicidal behavior. The results remained statistically significant when analyzed in
dominant and recessive inheritance models. In the dominant model, the presence of at least
one T allele (CT + TT) was correlated with a diminished frequency of the CC genotype in
the suicidal group relative to the control group (p = 0.0001). In contrast, the recessive model
demonstrated that individuals carrying the CC/CT genotypes exhibited a protective effect,
while those with the homozygous TT genotype exhibited a significantly elevated risk of
suicide attempts (p = 0.0002).

These results indicate a stable and reproducible association between the rs6311 poly-
morphism of the HTR2A gene and suicidal behavior in the general population. For the
remaining single-nucleotide polymorphisms that were the focus of this study, no statisti-
cally significant associations with suicide attempts were identified in the overall sample,
regardless of the specific inheritance model (i.e., additive, dominant, or recessive).

The rs211105 polymorphism of the TPH1 gene exhibited no disparities in genotype
distribution between patients with suicide attempts and the control group across any in-
heritance model; odds ratios approached one, and confidence intervals encompassed 1.
Correspondingly, no statistically significant associations with suicidal behavior were identi-
fied for the rs6313 polymorphism of the HTR2A gene. For the rs4641528 polymorphism
of the TPH2 gene, genotype frequencies did not differ significantly across the additive,
dominant, and recessive models between the study and control groups, despite a tendency
toward a lower frequency of the CC genotype among patients with suicide attempts.

The rs6355 polymorphism of the SLC6A4 gene was characterized by an extremely
low frequency of the minor allele and the absence of carriers of the homozygous minor
genotype. Due to the presence of zero values in the cells of the contingency table, the
standard chi-squared test was not employed. Instead, the genotype distributions between
groups were compared using Fisher’s exact test. No statistically significant differences
were found between patients with suicide attempts and the control group (p > 0.05). For
the rs1800497 polymorphism of the ANKK1 gene, the distribution of genotypes between
groups was comparable, and the OR and 95% CI values did not indicate an association
with suicidal behavior in any of the analyzed genetic models.

Similarly, the rs4680 polymorphism of the COMT gene did not demonstrate statistically
significant associations with suicide attempts in additive, dominant, and recessive models,
despite a trend toward a higher frequency of the AA genotype among patients.

For the rs7208505 polymorphism in the SKA2 gene in the general population,
differences in genotype distribution between the study and control groups were not
statistically significant.

The rs3800373 polymorphism of the FKBP5 gene also showed no significant differences
in genotype frequencies between patients and controls across any inheritance model, with
confidence intervals for all OR estimates that included 1.

Following the stratification of the data by sex, a series of statistically significant
associations were identified that were specific to either sex for the rs6311 HTR2A gene poly-
morphism and the rs7208505 SKA2 gene polymorphism in women (see Table 4 for details).

For the rs6311 HTR2A gene polymorphism, the association with suicide attempts in
women was consistent across all inheritance models. In the additive model, the homozy-
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gous CC genotype exhibited a significant protective effect and was less prevalent among
women with suicide attempts compared to the control group (OR = 0.29; 95% CI: 0.14–0.61;
χ2 = 20.14; p = 4.24 × 10−5). Conversely, the homozygous TT genotype was associated
with a significantly elevated risk of suicidal behavior (OR = 4.70; 95% CI: 2.08–10.64). In
the dominant model, the presence of the CC genotype was associated with a significantly
reduced risk of suicide attempts (OR = 0.29; 95% CI: 0.14–0.61; χ2 = 37.72; p = 8.16 × 10−10).
In the recessive model, the CC/CT genotype was associated with a significant protective
effect (OR = 0.21; 95% CI: 0.09–0.48; χ2 = 13.89; p = 0.0001), while the TT genotype was
associated with a multiple-fold increase in the risk of suicidal behavior.

Table 3. SNP associations with suicide attempts.

Gene SNP Genetic
Model Genotype

Patients
(n = 126)

n, %

Controls
(n = 120)

n, %
HWE (Control) OR (95% CI) Chi-Square p-Value

1 2 3 4 5 6 7 8 9 10

THP1 rs211105 additive CC 9 (7.14%) 10 (8.33%)

p = 0.176
(χ2 = 1.8307)

0.85 [0.33–2.16] 0.12707 0.9384
CT 42 (33.34%) 39 (32.5%) 1.17 [0.69–1.98]
TT 75 (59.52%) 71 (59.17%) 1.01 [0.61–1.69]

dominant TT 75 (59.52%) 71 (59.17%) 1.01 [0.61–1.69] 0 1
CT-CC 51 (40.48%) 49 (40.83%) 0.99 [0.59–1.64]

recessive TT-CT 117 (92.86%) 110 (91.7%) 1.18 [0.46–3.02] 0.012 0.9118
CC 9 (7.14%) 10 (8.3%) 0.85 [0.33–2.16]

HTR2A rs6313 additive AA 20 (15.87%) 13 (10.83%)

p = 0.0992
(χ2 = 2.719)

1.55 [0.73–3.28] 1.7213 0.4229
AG 60 (47.62%) 65 (54.17%) 0.77 [0.47–1.27]
GG 46 (36.51%) 42 (35%) 1.07 [0.63–1.80]

dominant GG 46 (36.51%) 42 (35%) 1.07 [0.63–1.80] 0.013 0.9096
(AA-AG) 80 (63.49%) 78 (65%) 0.94 [0.56–1.58]

recessive (AG-GG) 106 (84.13%) 107 (89.17%) 0.64 [0.30–1.36] 0.945 0.331
AA 20 (15.87%) 13 (10.83%) 1.55 [0.73–3.28]

HTR2A rs6311 additive CC 17 (13.5%) 42 (35%)

p = 0.8195
(χ2 = 0.0521)

0.29 [0.15–0.55] 22.413 1.36 × 10−5

CT 62 (49.2%) 59 (49.17%) 1 [0.61–1.65]
TT 47 (37.3%) 19 (15.83%) 3.16 [1.72–5.81]

dominant CC 17 (13.5%) 42 (35%) 1.1 [0.66–1.86] 14.438 0.0001
(CT-TT) 109 (86.5%) 78 (65%) 0.29 [0.15–0.55]

recessive (CC-CT) 79 (62.7%) 101 (84.17%) 0.32 [0.17–0.58] 13.357 0.0002
TT 47 (37.3%) 19 (15.83%) 3.16 [1.72–5.81]

TPH2 rs4641528 additive CC 21 (16.67%) 31 (25.83%)

p = 0.5292
(χ2 = 0.4669)

0.57 [0.31–1.07] 3.1192 0.2102
CT 65 (51.58%) 56 (46.67%) 1.22 [0.74–2.01]
TT 40 (31.75%) 33 (27.5%) 1.23 [0.71–2.12]

dominant TT 40 (31.75%) 33 (27.5%) 1.23 [0.71–2.12] 0.34702 0.5558
(CT-CC) 86 (68.25%) 87 (72.5%) 0.82 [0.47–1.41]

recessive (CT-TT) 105 (83.33%) 89 (74.17%) 1.74 [0.94–3.24] 2.5727 0.1087
CC 21 (16.67%) 31 (25.83%) 0.57 [0.31–1.07]

ANKK1 rs1800497 additive AA 11 (8.73%) 12 (10%)

p = 0.6985
(χ2 = 0.15)

0.86 [0.36–2.03] 0.14047 0.9322
AG 51 (40.47%) 49 (40.83%) 0.99 [0.59–1.64]
GG 64 (50.8%) 59 (49.17%) 1.07 [0.65–1.76]

dominant GG 64 (50.8%) 59 (49.17%) 1.07 [0.65–1.76] 0.016 0.8985
AA-AG 62 (49.2%) 61 (50.83%) 0.94 [0.57–1.54]

recessive AG-GG 115 (91.27%) 108 (10%) 1.16 [0.49–2.74] 0.015 0.9022
AA 11 (8.73%) 12 (90%) 0.86 [0.36–2.03]

COMT rs4680 additive AA 25 (19.84%) 14 (11.67%)

p = 0.887
(χ2 = 0.0202)

1.87 [0.92–3.81] 3.7189 0.1558
AG 58 (46.03%) 55 (45.83%) 1.01 [0.61–1.66]
GG 43 (34.13%) 51 (42.5%) 0.7 [0.42–1.17]

dominant GG 43 (34.13%) 51 (42.5%) 0.7 [0.42–1.17] 1.4877 0.2226
(AA-AG) 83 (65.87%) 69 (57.5%) 1.43 [0.85–2.39]

recessive (AG-GG) 101 (80.16%) 106 (88.33%) 0.53 [0.26–1.08] 2.4965 0.1141
AA 25 (19.84%) 14 (11.67%) 1.87 [0.92–3.81]

SKA2 rs7208505 additive AA 41 (32.54%) 29 (24.17%)

p = 0.715
(χ2 = 0.1333)

1.51 [0.86–2.65] 2.3921 0.3024
AG 61 (48.41%) 62 (51.66%) 0.88 [0.53–1.45]
GG 24 (19.04%) 29 (24.17%) 0.74 [0.4–1.36]

dominant GG 24 (19.04%) 29 (24.17%) 0.74 [0.4–1.36] 0.67408 0.4116
(AA-AG) 102 (80.96%) 91 (75.83%) 1.35 [0.74–2.49]

recessive (AG-GG) 41 (32.54%) 29 (24.17%) 0.66 [0.38–1.16] 1.7253 0.189
AA 85 (67.46%) 91 (75.83%) 1.51 [0.86–2.65]

FKBP5 rs3800373 additive AA 25 (19.84%) 33 (27.5%)

p = 0.4168
(χ2 = 0.6594)

1.04 [0.56–1.96] 3.8315 0.1472
AC 65 (51.59%) 64 (53.33%) 0.93 [0.57–1.54]
CC 36 (28.57%) 23 (19.17%) 1.69 [0.93–3.06]

dominant CC 36 (28.57%) 23 (19.17%) 1.69 [0.93–3.06] 2.4883 0.1147
(AA-AC) 90 (71.43%) 97 (80.83%) 0.59 [0.33–1.08]

recessive AA 25 (19.84%) 33 (27.5%) 1.04 [0.56–1.96] 1.5984 0.2061
(AC-CC) 101 (80.16%) 87 (72.5%) 1.53 [0.85–2.77]

https://doi.org/10.3390/ijms27052294

https://doi.org/10.3390/ijms27052294


Int. J. Mol. Sci. 2026, 27, 2294 10 of 27

Table 4. SNP associations with suicide attempts among women.

Gene SNP Genetic
Model Genotype

Patients
(n = 88)

n, %

Controls
(n = 83)

n, %
HWE (Control) OR (95% CI) Chi-Square p-Value

1 2 3 4 5 6 7 8 9

THP1 rs211105 additive CC 8 (9.09%) 7 (8.43%)

p = 0.253
(χ2 = 1.3065)

1.09 [0.38. 3.14] 0.0885 0.9567
CT 30 (34.09%) 27 (32.53%) 1.02 [0.54–1.93]
TT 50 (56.82%) 49 (59.04%) 0.91 [0.5–1.68]

dominant TT 50 (56.82) 49 (59.04%) 0.91 [0.5–1.68] 0.0192 0.8897
CT-CC 38 (43.12%) 34 (40.96) 1.55 [0.81–2.96]

recessive TT-CT 80 (90.91%) 76 (91.57%) 0.92 [0.32–2.66] 1.0317 ×
10−29 1

CC 8 (9.09%) 7 (8.43%) 1.09 [0.38–3.14]

HTR2A rs6311 additive CC 13 (14.77%) 31 (37.35%)

p = 0.2971
(χ2 = 1.087)

0.29 [0.14–0.61] 20.137 4.24 × 10−5

CT 43 (48.87%) 43 (51.81%) 0.89 [0.49–1.62]
TT 32 (36.36%) 9 (10.84%) 4.70 [2.08–10.64]

dominant CC 13 (14.77%) 31 (37.35%) 0.29 [0.14–0.61] 37.722 8.16 × 10−10

(CT-TT) 75 (85.23%) 52 (62.65%) 3.44 [1.64–7.19]
recessive (CC-CT) 56 (63.64%) 74 (89.16%) 0.21 [0.09–0.48] 13.894 0.0001

TT 32 (36.36%) 9 (10.84%) 4.70 [2.08–10.64]

TPH2 rs4641528 additive CC 13(14.77%) 21 (25.3%)

p = 0.4488
(χ2 = 0.5737)

0.51 [0.24–1.1] 2.9994 0.2232
CT 47 (53.41) 38 (45.78%) 1.36 [0.74–2.48]
TT 28 (31.82%) 24 (28.92%) 1.15 [0.6–2.2]

dominant TT 28 (31.82%) 24 (28.92%) 1.15 [0.6–2.2] 0.0605 0.8056
(CT-CC) 60 (68.18%) 59 (71.08%) 0.87 [0.45–1.67]

recessive (CT-TT) 75 (85.23%) 62 (74.7%) 1.95 [0.91–4.22] 2.3481 0.1254
CC 13 (14.77%) 21 (25.3%) 0.51 [0.24–1.1]

ANKK1 rs1800497 additive AA 8 (9.1%) 10 (12.05%)

p = 0.1442
(χ2 = 2.1328)

0.73 [0.27–1.95] 1.0581 0.5892
AG 37 (42.04%) 29 (34.94%) 1.35 [0.73–2.51]
GG 43 (48.86%) 44 (53.01%) 0.85 [0.46–1.54]

dominant GG 43 (48.86%) 44 (53.01%) 0.85 [0.46–1.54] 0.1515 0.6971
AA-AG 45 (51.14%) 39 (45.99%) 1.18 [0.65–2.15]

recessive AG-GG 80 (90.9) 73 (87.95%) 1.37 [0.51–3.66] 0.1447 0.7036
AA 8 (9.1%) 10 (12.05%) 0.73 [0.27–1.95]

COMT rs4680 additive AA 15 (17.04%) 9 (10.84%)

p = 0.7019
(χ2 = 0.1465)

1.69 [0.7–4.1] 0.5394 0.4631
AG 41 (46.6%) 39 (46.99%) 0.98 [0.54–1.8]
GG 32 (36.36%) 35 (42.17%) 0.78 [0.42–1.45]

dominant GG 32 (36.36%) 35 (42.17%) 0.78 [0.42–1.45] 0.3849 0.5349
(AA-AG) 56 (63.64%) 48 (57.83%) 1.28 [0.69–2.36]

recessive (AG-GG) 73 (82.96%) 74 (89.16%) 0.59 [0.24–1.44] 0.8962 0.3438
AA 15 (17.04%) 9 (10.84%) 1.69 [0.7–4.1]

SKA2 rs7208505 additive AA 30 (34.1%) 15 (18.07%)

p = 0.0946
(χ2 = 2.7939)

2.34 [1.15–4.78] 5.7959 0.05
AG 40 (45.45%) 49 (59.04%) 0.58 [0.32–1.06]
GG 18 (20.45%) 19 (22.89%) 0.87 [0.42–1.79]

dominant GG 18 (20.45%) 20 (24.1%) 0.87 [0.42–1.79] 0.1509 0.6977
(AA-AG) 70 (79.55%) 63 (75.9%) 1.15 [0.56–2.39]

recessive (AG-GG) 58 (65.9%) 68 (81.93%) 0.43 [0.21–0.87] 4.4864 0.0275
AA 30 (34.1%) 15 (18.07%) 2.34 [1.15–4.78]

FKBP5 rs3800373 additive AA 16 (18.18%) 20 (24.1%)

p = 0.1428
(χ2 = 2.1471)

0.7 [0.33–1.47] 1.9945 0.3689
AC 49 (55.68%) 48 (57.83%) 0.92 [0.5–1.68]
CC 23 (26.14%) 15 (18.07%) 1.6 [0.77–3.34]

dominant CC 23 (26.14%) 15 (18.07%) 1.6 [0.77–3.34] 1.1744 0.2785
(AA-AC) 65 (73.86%) 68 (81.93%) 0.62 [0.3–1.3]

recessive (AC-CC) 72 (81.82%) 63 (75.9%) 1.43 [0.68–2.99] 0.5783 0.447
AA 16 (18.18%) 20 (24.1%) 0.7 [0.33–1.47]

MAOA rs5906957 additive AA 22 (25%) 17 (20.49%)

p = 0.8221
(χ2 = 0.0505)

1.29 [0.63–2.66] 2.4525 0.2934
AG 32 (36.36%) 40 (48.19%) 0.61 [0.33–1.13]
GG 34 (38.64%) 26 (31.32%) 1.38 [0.73–2.6]

dominant GG 34 (38.64%) 26 (31.32%) 1.38 [0.73–2.6] 0.7 0.4
(AA-AG) 54 (61.36%) 57 (68.68%) 0.72 [0.39–1.36]

recessive (AG-GG) 66 (75%) 66 (79.52%) 0.77 [0.38–1.59] 0.2718 0.6021
AA 22 (25%) 17 (20.48%) 1.29 [0.63–2.66]

In an additive analysis of the rs7208505 polymorphism of the SKA2 gene, the presence
of the AA genotype was associated with an elevated risk of suicidal behavior in women
(OR = 2.34; 95% CI: 1.15–4.78), exhibiting borderline statistical significance (p = 0.05). Con-
versely, the AG and GG genotypes did not exhibit independent effects. In the dominant
model, no statistically significant differences were found between the groups (p = 0.6977).
In the recessive model, a pronounced protective effect of the G allele was revealed: the
AG + GG genotype combination was associated with a reduced risk of suicide attempts
in women (OR = 0.43; 95% CI: 0.21–0.87; p = 0.0275), while the homozygous AA genotype
remained a risk factor. However, after adjustment for multiple comparisons using the Bon-
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ferroni correction, these associations did not reach statistical significance, and the results
obtained should be considered nominal.

For the remaining polymorphisms under study, including TPH1 (rs211105), HTR2A
(rs6313), TPH2 (rs4641528), ANKK1 (rs1800497), COMT (rs4680), and FKBP5 (rs3800373),
no statistically significant associations with suicide attempts were identified in the female
subgroup in any of the additive, dominant, or recessive inheritance models (p > 0.05)
(Table 5). The association analysis of the MAOA rs5906957 polymorphism, conducted
exclusively in the female subsample due to the gene’s X-linked localization, also revealed
no statistically significant differences between suicidal women and the control group under
the additive, dominant, or recessive inheritance models (p > 0.05). The HTR2A rs6313
polymorphism was excluded from interpretation in the female subgroup due to deviation
from the Hardy–Weinberg equilibrium in the control group.

Table 5. Characteristics of single-nucleotide polymorphisms included in the study.

Graph. Single-Nucleotide
Polymorphism Locus Additional Functions and Associations

TPH1 (tryptophan hydroxylase 1)
rs211105 11p15.3

Rate-limiting enzyme of serotonin synthesis [13]. Variations
can affect serotonin levels in the central nervous system,

which is linked to depression, anxiety, and impulsive
behavior [12]. It is associated with seasonal affective disorder,

aggression, and suicidality [37].

rs7933505

HTR2A (5-hydroxytryptamine
receptor 2A)

rs6313 7q21.22

Involved in the transmission of serotonin signals [10]. It is
associated with sensory processing, learning, memory, and

mental disorders such as schizophrenia and bipolar
disorder [74,75]. It influences neuronal sensitivity to

serotonin, which may modulate the effects of
antidepressants [76].

rs6311

MAOA (monoamine oxidase) rs5906957 Xq13.1
An enzyme that breaks down monoamines, including

serotonin. Variations are associated with aggressive behavior,
antisocial personality traits, and addiction [36,77,78].

TPH2 (tryptophan hydroxylase 2)
rs4570625 12p13.31

Rate-limiting enzyme of serotonin synthesis [14]. It influences
serotonin levels in peripheral tissues and may be linked to
metabolic disorders [79]. It is associated with depression,

anxiety, and seasonal affective disorder [80].

rs4641528

rs13886494

SLC6A4 (serotonin transporter) rs6355 17q11.2

Encodes the serotonin transporter, which is involved in the
regulation of serotonin levels in synapses [32]. Associated

with depression, anxiety disorders, impulsive behavior, and
suicidality [34,81].

ANKK1 (ankyrin repeat and
kinase domain containing 1) rs1800497 11q23.2

Associated with the dopamine D2 receptor, it is involved in
dopaminergic transmission [49]. Associated with nervous

system development and cytoskeletal formation [47].
Associated with various neurological and psychiatric

disorders, including schizophrenia and bipolar disorder [82].

BDNF (brain-derived
neurotrophic factor) rs6265 11p14.1

It encodes the BDNF protein, which is important for the
growth, differentiation, and survival of neurons [83].

Regulates neuronal survival, growth, and differentiation [58].
Associated with depression, anxiety disorders, cognitive

function, and neurodegenerative diseases [68,84,85].
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Table 5. Cont.

Graph. Single-Nucleotide
Polymorphism Locus Additional Functions and Associations

COMT
(catechol-O-methyltransferase) rs4680 22q11.21

Encodes the enzyme catechol-O-methyltransferase, which is
involved in the metabolism of catecholamines (dopamine,

epinephrine, serotonin, and norepinephrine) [52]. The
Val158Met variant affects dopamine regulation in the

prefrontal cortex and is associated with cognitive function,
stress, and depressive disorders [86–89].

CXCL8 (C-X-C motif chemokine
ligand 8) rs1126647 4q13-q21

Encodes the cytokine IL-8, which attracts neutrophils to the
site of inflammation [90]. Associated with inflammatory

processes, as well as mental illnesses such as depression and
schizophrenia [90–92].

SKA2 (spindle and kinetochore
associated complex subunit 2) rs7208505 17q21.31

Involved in the regulation of mitosis and the control of cell
proliferation [63]. Regulates the activity of other proteins

through phosphorylation. Associated with various diseases,
including cancer and neurodegenerative disorders [64].

FKBP5 (FKBP prolyl
isomerase 5) rs3800373 6q15

A molecular chaperone involved in the folding of
glucocorticoid receptors (GCRs). GCRs play an important role
in regulating the body’s stress response [93]. Polymorphisms
of the FKBP5 gene, including rs3800373, are associated with

increased sensitivity to stress and an increased risk of
developing post-traumatic stress disorder (PTSD) [94].

Genetic variations in FKBP5 may influence the efficiency of
the stress system, making individuals more vulnerable to
developing mental disorders, including depression and

suicidal ideation [57].

Consequently, in women, the HTR2A rs6311 polymorphism exhibited a consistent and
highly significant association with suicide attempts across all inheritance models, while the
SKA2 rs7208505 polymorphism demonstrated a nominally significant sex-specific effect.

3. Discussion
In the present study, a robust association was identified between the rs6311 polymor-

phism of the HTR2A gene and suicide attempts in the Kazakh population, both in the
overall sample and after stratification by sex. The CC genotype exhibited a substantial
protective effect, while the presence of the T allele, particularly in the homozygous state,
was associated with a significantly elevated risk of suicidal behavior. These results align
with existing data underscoring the pivotal role of the serotonergic system in modulating
affect, impulsivity, and the stress response [95].

The HTR2A gene, which is responsible for encoding the 5-HT2A serotonin receptor,
is a G protein-coupled receptor that is widely expressed in the prefrontal cortex, hip-
pocampus, and limbic regions. These brain structures are critical for emotional regulation,
cognitive control, and behavioral responses to stress [96]. Functionally, the 5-HT2A receptor
primarily signals through the Gq/11 protein pathway, activating phospholipase C, increas-
ing intracellular calcium levels, and stimulating protein kinase C-dependent cascades [97].
These processes modulate glutamatergic neurotransmission, synaptic plasticity, and cortical
excitability, thereby influencing higher-order cognitive and affective processes.

The rs6311 polymorphism is located in the HTR2A promoter region and is considered
functionally significant due to its potential impact on receptor transcriptional activity
and expression. The T allele has been demonstrated to be associated with increased
promoter activity and higher receptor density in comparison to the C allele [24]. Increased
5-HT2A expression has been demonstrated to enhance cortical excitability and promote
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hyperreactivity of corticolimbic circuits, potentially lowering the threshold for maladaptive
emotional responses and stress sensitivity [98]. Such changes are widely considered to be
neurobiological substrates of depression, anxiety disorders, and suicidal behavior [6].

Importantly, 5-HT2A receptors exert a modulatory effect on the balance between in-
hibitory serotonergic and excitatory glutamatergic signaling [99]. Disruption of this balance
has been demonstrated to contribute to impaired emotional regulation, increased impul-
sivity, and deficient top-down control by the prefrontal cortex. From a neurobiological
perspective, increased 5-HT2A receptor expression in combination with severe environmen-
tal stress may enhance threat processing, impair cognitive flexibility, and weaken top-down
regulatory mechanisms mediated by the prefrontal cortex [100]. This model aligns with the
stress diathesis concept of suicidal behavior, which posits that genetic predisposition inter-
acts with environmental factors to determine clinical outcomes [101]. Neuroimaging and
postmortem studies provide further support for this hypothesis, demonstrating increased
HTR2A expression and increased receptor density in the prefrontal cortex of individuals
who died by suicide [102]. Thus, it can be speculated that carriers of the C allele—especially
CC homozygotes, as observed in our study—exhibit relatively reduced receptor expres-
sion, which may exert a neuroprotective effect by limiting cortical hyperexcitability and
increasing stress resilience [20,103].

An additional regulatory layer influencing HTR2A expression includes epigenetic
mechanisms. The impact of DNA methylation in the promoter region, in conjunction
with glucocorticoid exposure during chronic stress, on transcriptional activity has been
demonstrated [104]. Interactions between rs6311 and environmental factors, including
psychosocial stress and traumatic experiences, may further enhance the functional conse-
quences of the T allele [100,105]. It has been proposed that hypomethylation of the promoter
region in T allele carriers may serve as a mechanism contributing to stress-induced increases
in HTR2A expression [23,106,107].

A meta-analysis by Li Sun et al. examining rs6311 and rs6313 polymorphisms in pa-
tients with schizophrenia did not reveal significant associations with suicidal behavior [108].
These discrepancies may be indicative of variations in diagnostic composition, population
structure, or gene–environment interactions, underscoring the intricacy of the genetic
underpinnings contributing to suicidality. When interpreting the results of genetic associa-
tion studies, it is also important to consider population heterogeneity. Allele frequencies,
linkage disequilibrium patterns, and gene–environment interactions can vary significantly
across ethnic groups, potentially leading to inconsistent results across studies [109].

The clinical significance of HTR2A is further substantiated by pharmacological data
indicating that 5-HT2A receptor antagonism is one of the mechanisms underlying the
therapeutic effects of several serotonergic antidepressants and atypical antipsychotics [110].
Furthermore, mounting evidence indicates that HTR2A variability may influence the ef-
ficacy of antidepressant treatment, emotional processing, receptor binding affinity, intra-
cellular signaling efficiency, and, consequently, individual variability in treatment efficacy
and tolerability [111].

Consequently, HTR2A has been proposed as a promising pharmacogenetic marker
for predicting therapeutic outcomes and developing personalized treatment strategies for
mood disorders [112].

A particularly salient finding was the pronounced effect of rs6311 observed among the
female subjects in this study. This association may be explained by the modulatory effects
of sex hormones, particularly estrogens, on serotonergic neurotransmission. Estradiol has
been demonstrated to regulate the expression of genes involved in serotonin synthesis
(TPH2), its degradation (MAOA, MAOB), transport (SLC6A4), and receptor signaling
(HTR1A) via estrogen receptor-mediated transcriptional mechanisms [113]. In addition
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to direct DNA binding, estrogen receptors have the capacity to influence gene expression
through the action of transcription factors, including AP-1, SP1, and NF-κB, even in the
absence of classical estrogen response elements [114].

These mechanisms may partially explain the heightened behavioral impact of HTR2A
genetic variation in women, particularly under conditions of hormonal fluctuation and
stress. This interpretation aligns with the findings of previous studies that have established
a link between rs6311 and depression, anxiety disorders, and suicidality, particularly in
female populations and populations exposed to severe stress [115].

The results of this study, when considered collectively, lend support to the hypothesis
that the rs6311 polymorphism in the HTR2A gene plays a role in the biological mechanisms
underlying suicidal behavior. Furthermore, these results underscore the potential signifi-
cance of this polymorphism as a molecular marker of suicide risk. In a broader sense, the
results underscore the significance of incorporating sex and ethnic disparities into genetic
association studies. These findings align with polygenic and gene–environment models
that have been developed to elucidate the complex genetics of suicidality. In order to
further elucidate the mechanistic role of HTR2A in suicidal behavior, there is a necessity
for future large-scale studies that will integrate genetic, epigenetic, and neuroimaging
data. Despite frequent characterization of the rs6311 and rs6313 polymorphisms in the
HTR2A gene as being in linkage disequilibrium, the magnitude of this association may
vary across ethnic groups, attributable to disparities in allele frequencies, recombination
patterns, and demographic histories. Consequently, the observed frequency of the minor
rs6311 allele in our cohort is more likely to reflect population-specific genetic architecture
than a methodological discrepancy.

Despite the fact that the association between the rs7208505 polymorphism of the SKA2
gene and suicide attempts in women was no longer statistically significant after adjustment
for multiple testing, its biological basis merits careful consideration. The SKA2 gene
encodes a protein that is part of the spindle-kinetochore-associated complex. In addition to
its canonical role in mitotic regulation, the protein is involved in neurobiological processes
associated with the nuclear translocation of the glucocorticoid receptor (GR) [65]. This
process is critical for cortisol-mediated negative feedback and the timely termination of the
stress response [116].

Reduced SKA2 expression has been associated with impaired GR translocation, de-
creased cortisol sensitivity, and prolonged HPA axis activation [117]. Prolonged HPA
axis activation, in turn, has been associated with elevated cortisol levels, impaired neural
plasticity, prefrontal cortex dysfunction, and emotional dysregulation [118–120].

The rs7208505 polymorphism is located in the regulatory region of SKA2 and has previ-
ously been associated with altered gene expression and epigenetic modifications, including
promoter DNA methylation [121]. In a recent study, Valenzuela-García et al. (2023) reported
that the A allele, consistent with this study’s findings, significantly affects SKA2 expression
levels [122]. The study found that suicide victims exhibited higher expression levels of
SKA2 [122]. Furthermore, Kaminsky et al. (2015) demonstrated that SKA2 DNA methy-
lation interacts with trauma exposure and predicts suicide attempts with approximately
80% accuracy [123].

In the present study, the observed association was observed only in women, suggest-
ing a potential sex-specific effect. The protective effect associated with the G allele in the
recessive model may indicate relatively preserved SKA2 expression and more efficient
glucocorticoid signaling, thereby promoting adaptive regulation of the stress response.
Conversely, the AA genotype may hypothetically contribute to impaired HPA axis feed-
back and increased vulnerability to stress-related psychopathology [122]. Such sex dif-
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ferences may be attributable to hormonally mediated changes in HPA axis regulation, as
previously discussed [114].

However, the observed association did not remain statistically significant after adjust-
ment for multiple comparisons. Consequently, these results should be interpreted with
caution and considered preliminary. Notwithstanding, the biological plausibility of the
SKA2 gene’s involvement in stress regulation, in conjunction with mounting evidence im-
plicating its genetic and epigenetic variations in suicidal behavior, underscores the necessity
for additional large-scale studies that incorporate sex-based distinctions. These studies are
imperative to elucidate the potential role of this gene in suicide risk.

In addition to genetic data, some sociodemographic differences were also observed
between the groups. Educational level and occupational status varied significantly, with
unemployment being more common among patients who had attempted suicide. These
results align with the findings of previous studies that have identified socioeconomic vul-
nerability as a significant correlate of suicidal behavior [124,125]. However, such factors
must be regarded as contextual rather than causal, as suicidal behavior is widely recog-
nized as a multifactorial phenotype shaped by a complex interaction between biological
predisposition and environmental stressors. It has been demonstrated that socioeconomic
adversity can contribute to chronic stress, reduced access to resources, and reduced coping
capacity. These factors may interact with underlying genetic risk [126].

These observations further underscore the significance of integrative models that take
into account both genetic and psychosocial determinants when studying the etiology of
suicidal behavior.

The FKBP5 gene, which encodes a glucocorticoid receptor co-chaperone and plays
a central role in the regulation of the hypothalamic–pituitary–adrenal (HPA) axis, has been
associated with stress-related mental disorders and suicidal behavior [56]. In the present
study, the rs3800373 polymorphism did not demonstrate a significant association with
suicide attempts. These results are consistent with data indicating that FKBP5 modulates
stress susceptibility primarily through epigenetic regulation of glucocorticoid receptor
sensitivity rather than through direct structural and genetic effects [59,61,127,128].

Conversely, polymorphisms in genes associated with serotonin synthesis and
metabolism (i.e., TPH1, TPH2, and MAOA) have not been linked to suicide attempts.
While these genes do influence monoaminergic tone and behavioral traits such as impulsiv-
ity and emotional reactivity, their effects are typically indirect, acting through intermediate
phenotypes rather than the suicidal phenotype itself [26–28,30,129]. Furthermore, mount-
ing evidence indicates that the impact of MAOA variants is predominantly influenced by
environmental adversity, including early childhood stress and chronic psychosocial stress,
which may obscure direct genetic effects in moderate-sized samples [41,102,130,131]. No
significant associations were observed for genes involved in neuroplasticity and dopamin-
ergic signaling (BDNF, COMT, and ANKK1). These genes have been demonstrated to
modulate cognitive control, reward processing, and affective regulation. However, the
influence of these genes on suicidal behavior appears to be highly context-dependent and
is often manifested in the presence of severe psychopathology or chronic stress [132,133].

For instance, although BDNF plays a critical role in synaptic plasticity, the Val66Met
variant has demonstrated inconsistent associations across diverse populations, indicating
that it is unlikely to serve as a universal genetic predictor of suicide risk [134]. Simi-
larly, meta-analytic data do not support a direct effect of COMT rs4680 on suicidal behav-
ior [135,136], while the effect of ANKK1 rs1800497 may be mediated through intermediate
behavioral phenotypes such as impulsivity and reward sensitivity, despite previous reports
of an increased risk among TT carriers [50].
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The rs1126647 polymorphism of the CXCL8 gene demonstrated no association with
suicide attempts, suggesting a potential specificity of inflammatory mechanisms in suicidality.
Although IL-8 is widely regarded as a pivotal mediator of neuroimmune interactions [137],
its regulatory influence is likely to occur primarily through dynamic changes in cytokine
expression rather than through stable genetic variants. Decreased IL-8 levels in the cere-
brospinal fluid have been reported in individuals with suicidal tendencies [60], as well as
possible sex differences in genetic effects [90]. No associations were identified for rs6355
of the SLC6A4 gene, likely due to the extremely low frequency of the minor allele and the
limited statistical power of the analysis. In contrast to this variant, most studies focus on the
functional polymorphism of 5-HTTLPR and its interaction with stressors [138]. Concomitantly,
the absence of observed associations has been documented in other populations [139].

Recent findings have underscored the significance of intracellular signaling cascades,
particularly the cyclic AMP-protein kinase A (PKA) pathway, in the regulation of neuronal
plasticity, stress response, and gene transcription processes implicated in suicidal behavior.
Dysregulation of PKA-dependent signaling has been associated with affective pathology
and may represent an additional molecular layer contributing to suicide vulnerability,
complementing genetic variations in the serotonergic and stress response systems [140]. In
addition to PKA-dependent mechanisms, postmortem studies have identified dysregula-
tion of protein kinase C isoforms in the prefrontal cortex of individuals with depression and
suicidal behavior. This finding suggests that altered intracellular signaling may contribute
to impaired synaptic plasticity and affective regulation. These data support the concept that
dysregulation of serotonergic receptors may influence broader kinase-mediated signaling
pathways involved in suicide vulnerability [141]. In addition to genetic variation, extant
evidence suggests that post-translational regulatory mechanisms, including changes in
polyamine metabolism and protein modifications such as hypusination, may contribute to
the neurobiological architecture of suicidal behavior [142]. Future multi-omics studies inte-
grating genomic and proteomic data may facilitate a more comprehensive understanding
of the role of these molecular processes in suicide vulnerability.

Several single-nucleotide polymorphisms (SNPs) were excluded from further analysis
due to significant deviation from the Hardy–Weinberg equilibrium or low minor allele
frequency. A multitude of factors may give rise to deviations from equilibrium, includ-
ing but not limited to genotyping errors, population stratification, natural selection, and
sampling variability. Given the ethnically homogeneous design of this study and the use
of standardized genotyping procedures, technical artifacts are unlikely to fully explain
these variations. However, the limited sample size may have resulted in random variation.
Consequently, these factors must be taken into account when interpreting genetic results.

The results of this study provide support for the hypothesis that suicidal behavior
is influenced by a polygenic and context-dependent architecture. The association of the
HTR2A rs6311 polymorphism, along with the nominal sex-specific signal observed for SKA2,
underscores the significance of serotonergic receptor regulation and stress axis dysfunction
in suicide vulnerability. Conversely, the absence of associations with other candidate genes
indicates that their effects are presumably indirect and biologically mediated, underscoring
the need for integrative models that encompass genetic, environmental, and sex-specific
mechanisms. The merits of this study are manifold. A meticulous case–control design, in
which a clinically well-defined phenotypic group of patients who had attempted suicide
was utilized, is a notable strength. Additionally, using an ethnically homogeneous sample
is a commendable approach that mitigates the risk of population stratification.

A thorough examination of candidate genes, incorporating the serotonergic system,
stress response regulation, neuroplasticity, and inflammatory mechanisms, facilitated
an integrated analysis of the molecular underpinnings of suicidal behavior. A notable
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benefit of this approach is the integration of diverse genetic inheritance models and sex
stratification, which facilitated the identification of sex-specific associations, particularly
for the SKA2 gene.

However, the study is not without its limitations. Firstly, the relatively modest sample
size may limit the statistical power to detect small effects characteristic of polygenic psy-
chiatric phenotypes. Moreover, the analysis concentrated on individual single-nucleotide
polymorphisms, omitting an evaluation of haplotypes, gene expression levels, or epigenetic
modifications that may play a significant role in the pathogenesis of suicidal behavior.
The limited availability of detailed information regarding the impact of environmental
factors, including early trauma and chronic stress, impedes the capacity to analyze gene–
environment interactions. The study’s findings, based on a sample of the Kazakh popu-
lation, require validation through further research using larger, more ethnically diverse
samples. Correction for multiple comparisons reduced the statistical significance of cer-
tain results, underscoring the need for careful interpretation. A notable limitation of this
study is the uneven gender distribution in the sample, which precluded a comprehensive
gender-specific statistical analysis due to the insufficient sample size of male participants.

Clinical Implications

The results obtained from this study suggest a potential clinical significance of the
HTR2A rs6311 polymorphism in assessing individual vulnerability to suicidal behavior.
Regulatory variants in HTR2A, which are associated with altered serotonergic receptor sig-
naling, may facilitate biologically based risk stratification, particularly among individuals
with affective dysregulation.

Although the observed association for SKA2 lost significance after correction for
multiple comparisons, its well-established role in regulating the stress axis supports its
consideration as a biologically plausible candidate for future research, particularly in the
context of sex-specific stress reactivity.

From a translational medicine perspective, the integration of genetic information with
clinical and psychosocial data has the potential to enhance multifactorial models of suicide
risk assessment and facilitate the development of personalized preventive strategies. Fur-
thermore, genes involved in serotonergic signaling and stress regulation remain promising
targets for pharmacogenetic studies aimed at optimizing treatment response. However, the
clinical use of genetic markers requires confirmation in larger independent cohorts and
should be undertaken with appropriate caution.

4. Materials and Methods
4.1. Study Design/Sample Size and Groups

The present observational case–control study was conducted to identify genetic and
psychosocial factors associated with suicidal behavior in the Kazakh population. The study
was conducted at the Astana City Multidisciplinary Hospital in the Republic of Kazakhstan.

The study group consisted of 126 patients who were hospitalized in the toxicology
department after attempting suicide by deliberate drug poisoning. The following criteria
must be met to be considered for participation in the study: The subject must be at least
18 years of age. The subject must have a confirmed history of self-poisoning by taking
medications for suicidal purposes. The subject must be able to understand the information
provided and sign a consent form. Individuals with severe cognitive impairment and
those who declined to participate were excluded from the study. The comparison group
(control group) was formed via simple random sampling and included 120 participants
from among university students, faculty members, their partners, and nursing staff at the
same institution where the main group was recruited. Participants in the control group
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were matched with those in the main group on age, gender, and ethnicity. The mental and
psychological state of the control group participants was assessed based on an analysis of
their medical history, which confirmed the absence of current or previous suicidal intent,
attempts, or mental disorders in the participants or their close relatives.

4.2. Ethical Considerations

The study was conducted in accordance with the principles of the Declaration of
Helsinki and Good Clinical Practice. The study protocol was reviewed and approved by
the local ethics committee of L.N. Gumilyov Eurasian National University (Protocol No. 31
dated 11 August 2022). Prior to study inclusion, written informed consent was obtained
from all participants.

4.3. Genotyping

Biological material for molecular genetic studies (venous blood) was collected from
participants in the study and control groups under standardized conditions, adhering to all
regulatory requirements and biosafety guidelines. The collection of blood from the cubital
vein was performed using sterile 9-mL vacutainers with anticoagulant, in strict accordance
with international standards for the collection of biological specimens. For participants
in the control group, venous blood was collected on an empty stomach in an outpatient
setting using a similar protocol. All samples were promptly transferred to the laboratory
at 4 ◦C and processed within 4 h of collection. Genomic DNA was extracted from 200 µL
of whole blood using the commercial QIAamp DNA Blood Mini Kit (Qiagen, Hilden,
Germany), following the manufacturer’s instructions. The analysis of the samples revealed
that each 200-microliter sample yielded a total DNA yield ranging from 4 to 12 micrograms.
The quality and concentration of the DNA were assessed using a spectrophotometric
assay (NanoDrop™, Thermo Fisher Scientific, Waltham, MA, USA) at 260/280 nm and
by agarose gel electrophoresis. Single-nucleotide polymorphism (SNP) genotyping was
performed using the TaqMan® SNP Genotyping Assay (Applied Biosystems, 2017; Thermo
Fisher Scientific, USA). The following SNPs were selected for further analysis due to their
association with the regulation of serotonergic activity and the risk of suicidal behavior:

• TPH1 (rs211105, rs7933505);
• TPH2 (rs4570625, rs4641528, rs13886494);
• HTR2A (rs6313, rs6311);
• MAOA (rs5906957);
• ANKK1 (rs1800497);
• BDNF (rs6265);
• COMT (rs4680);
• CXCL8 (rs1126647);
• SKA2 (rs7208505);
• SLC6A4 (rs6355);
• FKBP5 (rs3800373).

All reactions were prepared in accordance with the manufacturer’s instructions using
standardized reagent concentrations. Thermal cycling conditions included an initial de-
naturation at 95 ◦C for 2 min, followed by 40 cycles of denaturation at 95 ◦C for 10 s and
annealing/extension at 56–60 ◦C. Allelic discrimination was conducted using fluorescently
labeled probes with CFX Maestro software (Bio-Rad, Hercules, CA, USA) BIO-RAD CFX384
Real-Time system.

Standard quality-control procedures were applied to ensure the reliability of the
genotyping data. Genotyping was performed using automated allele discrimination with

https://doi.org/10.3390/ijms27052294

https://doi.org/10.3390/ijms27052294


Int. J. Mol. Sci. 2026, 27, 2294 19 of 27

manual review of ambiguous results. Approximately 10% of samples were randomly
selected for repeat genotyping to ensure 100% concordance.

No samples with excessive missing genotyping data were observed, and the overall
genotyping rate exceeded 95% for all analyzed SNPs. Genotyping was performed under
standardized laboratory conditions using the same equipment, reagents, and protocols to
minimize potential batch effects.

SNPs were excluded from further analysis if they significantly deviated from the
Hardy–Weinberg equilibrium in the control group (p < 0.05) or exhibited a minor allele fre-
quency below 5%, as such variants have limited statistical power and may reflect technical
or population artifacts. Table 1 presents information on 15 single-nucleotide polymor-
phisms of 11 genes used in the current study.

4.4. Statistical Analysis

A statistical analysis of the data was performed using modern biostatistical methods
to assess associations between the studied single-nucleotide polymorphisms (SNPs) and
the risk of suicide attempt. Prior to the study, the required sample size was estimated using
an online sample size calculator (https://www.calculator.net/sample-size-calculator.html,
accessed on 10 August 2024) to ensure adequate statistical power. The calculation assumed
a 95% confidence level, 95% statistical power, an estimated prevalence of suicidal behavior
of 14% in Astana, and a margin of error of 4.77%. The resulting minimum sample size was
consistent with the number of participants included in the study, supporting the adequacy
of the study design for detecting statistically significant differences between groups.

The Hardy–Weinberg equilibrium (HWE) distribution of genotypes was subsequently
examined in the control group using the χ2 test. Polymorphisms deviating from HWE
(p < 0.05), as well as SNPs with a minor allele frequency (MAF) of less than 5%, were
excluded from further analysis. The Hardy–Weinberg equilibrium was assessed exclusively
in the control group, as is recommended for case–control genetic association studies. Devi-
ations from HWE in the control group were considered indicative of potential genotyping
errors, population stratification, or sampling bias. Such variants were excluded from further
analysis. Conversely, deviations observed in the case group were not used as exclusion
criteria, as they may reflect a true association with the phenotype under study.

The association between genetic variants and suicide attempts was assessed using
a logistic regression analysis implemented in the R software environment (R Core Team,
version 4.3.0, Vienna, Austria). The analysis was conducted within the framework of
additive, dominant, and recessive inheritance models. The regression models incorporated
covariates for sex and age. The analysis was further stratified by sex to identify potential
sex-specific genetic effects.

The strength of these associations was subsequently assessed through the calculation
of odds ratios (ORs) with 95% confidence intervals (95% CI), in addition to the evaluation of
χ2 test values. The Bonferroni correction was applied to account for multiple comparisons,
with the total number of polymorphisms analyzed as the basis for this adjustment. Values
of p < 0.05 were considered nominally significant, and results that remained significant after
correction were interpreted as statistically robust. The Bonferroni correction was applied to
account for multiple comparisons, with the number of polymorphisms analyzed (n = 15),
resulting in an adjusted significance level of p < 0.0033.

5. Conclusions
In the present study, a significant association was identified between the rs6311 regu-

latory polymorphism of the HTR2A gene and suicide attempts in the Kazakh population,
underscoring the pivotal role of serotonergic receptor signaling in biological vulnerability
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to suicidal behavior. Despite the robust statistical association found in this study, further
clarification is required regarding the biological consequences of the rs6311 variant. As
a regulatory polymorphism located in the promoter region, its functional impact may
depend on transcriptional dynamics, epigenetic regulation, and gene–environment inter-
actions. Consequently, there is a necessity for future functional studies that will integrate
transcriptomic and epigenetic approaches. These studies will contribute to a more compre-
hensive understanding of the mechanisms that link HTR2A variability to suicidal behavior.
A nominal sex-specific association was observed for the SKA2 rs7208505 variant; however,
this association was no longer significant after correction for multiple comparisons. There-
fore, the observed result should be interpreted with caution. The absence of associations
for several other candidate genes lends support to the notion of a polygenic and context-
dependent architecture of suicidal behavior. A comprehensive analysis of the findings
reveals an expansion of existing knowledge concerning the molecular underpinnings of
suicidality within a population that has received limited study. This expansion underscores
the importance of integrative approaches that account for neurobiological, stress-related,
and sex-specific mechanisms. Future investigations should incorporate validated psycho-
metric instruments and structured clinical evaluations to enable a more comprehensive
characterization of suicidal behavior and to support more precise analyses of genetic associ-
ations. Subsequent large-scale studies are required to validate these findings and elucidate
the role of regulatory genetic variation in suicide risk.
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45. Uršič, K.; Zupanc, T.; Paska, A.V. Analysis of Promoter Polymorphism in Monoamine Oxidase A (MAOA) Gene in Completed
Suicide on Slovenian Population. Neurosci. Lett. 2018, 673, 111–115. [CrossRef]

46. Manning, G.; Whyte, D.B.; Martinez, R.; Hunter, T.; Sudarsanam, S. The Protein Kinase Complement of the Human Genome.
Science 2002, 298, 1912–1934. [CrossRef]

47. Jasiewicz, A.; Samochowiec, A.; Samochowiec, J.; Małecka, I.; Suchanecka, A.; Grzywacz, A. Suicidal Behavior and Haplotypes of
the Dopamine Receptor Gene (DRD2) and ANKK1 Gene Polymorphisms in Patients with Alcohol Dependence—Preliminary
Report. PLoS ONE 2014, 9, e111798. [CrossRef]

https://doi.org/10.3390/ijms27052294

https://doi.org/10.3389/fpsyt.2022.932135
https://doi.org/10.1002/ajmg.b.30991
https://doi.org/10.1016/j.bbih.2022.100537
https://doi.org/10.1016/j.brainres.2023.148479
https://doi.org/10.11847/zgggws-2012-28-07-09
https://doi.org/10.1016/j.coph.2011.02.008
https://www.ncbi.nlm.nih.gov/pubmed/21439906
https://doi.org/10.1016/j.neuropharm.2008.08.034
https://www.ncbi.nlm.nih.gov/pubmed/18824000
https://doi.org/10.1126/science.1071829
https://doi.org/10.1093/alcalc/agv090
https://doi.org/10.1016/j.euroneuro.2013.03.013
https://doi.org/10.1038/sj.npp.1301417
https://www.ncbi.nlm.nih.gov/pubmed/17429405
https://doi.org/10.1002/ajmg.10237
https://doi.org/10.1016/j.neulet.2005.04.001
https://doi.org/10.1002/ajmg.b.30467
https://www.ncbi.nlm.nih.gov/pubmed/17221847
https://doi.org/10.1016/j.jad.2011.10.013
https://www.ncbi.nlm.nih.gov/pubmed/22041522
https://doi.org/10.1016/j.neulet.2017.07.020
https://doi.org/10.1016/j.neulet.2018.02.063
https://doi.org/10.1126/science.1075762
https://doi.org/10.1371/journal.pone.0111798
https://doi.org/10.3390/ijms27052294


Int. J. Mol. Sci. 2026, 27, 2294 23 of 27

48. Suda, A.; Kawanishi, C.; Kishida, I.; Sato, R.; Yamada, T.; Nakagawa, M.; Hasegawa, H.; Kato, D.; Furuno, T.; Hirayasu, Y.
Dopamine D2 Receptor Gene Polymorphisms Are Associated with Suicide Attempt in the Japanese Population. Neuropsychobiology
2009, 59, 130–134. [CrossRef]

49. Neville, M.J.; Johnstone, E.C.; Walton, R.T. Identification and Characterization of ANKK1: A Novel Kinase Gene Closely Linked
to DRD2 on Chromosome Band 11q23.1. Hum. Mutat. 2004, 23, 540–545. [CrossRef]

50. Genis-Mendoza, A.D.; López-Narvaez, M.L.; Tovilla-Zárate, C.A.; Sarmiento, E.; Chavez, A.; Martinez-Magaña, J.J.; González-
Castro, T.B.; Hernández-Díaz, Y.; Juárez-Rojop, I.E.; Ávila-Fernández, Á.; et al. Association between Polymorphisms of the DRD2
and ANKK1 Genes and Suicide Attempt: A Preliminary Case-Control Study in a Mexican Population. Neuropsychobiology 2017,
76, 193–198. [CrossRef] [PubMed]

51. Scheggia, D.; Sannino, S.; Luisa Scattoni, M.; Papaleo, F. COMT as a Drug Target for Cognitive Functions and Dysfunctions. CNS
Neurol. Disord.-Drug Targets 2012, 11, 209–221. [CrossRef] [PubMed]

52. National Cancer Institute. COMT Gene; National Cancer Institute: Rockville, MD, USA, 2020.
53. Lachman, H.M.; Papolos, D.F.; Saito, T.; Yu, Y.M.; Szumlanski, C.L.; Weinshilboum, R.M. Human Catechol-O-Methyltransferase

Pharmacogenetics: Description of a Functional Polymorphism and Its Potential Application to Neuropsychiatric Disorders.
Pharmacogenetics 1996, 6, 243–250. [CrossRef] [PubMed]

54. Sagud, M.; Tudor, L.; Nedic Erjavec, G.; Nikolac Perkovic, M.; Uzun, S.; Mimica, N.; Madzarac, Z.; Zivkovic, M.; Kozumplik,
O.; Konjevod, M.; et al. Genotypic and Haplotypic Association of Catechol-O-Methyltransferase Rs4680 and Rs4818 Gene
Polymorphisms with Particular Clinical Symptoms in Schizophrenia. Genes 2023, 14, 1358. [CrossRef]

55. Du, L.; Merali, Z.; Poulter, M.O.; Palkovits, M.; Faludi, G.; Anisman, H. Catechol-O-Methyltransferase Val158Met Polymorphism
and Altered COMT Gene Expression in the Prefrontal Cortex of Suicide Brains. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2014,
50, 178–183. [CrossRef]

56. Zimmer, C.; Jimeno, B.; Martin, L.B. HPA Flexibility and FKBP5: Promising Physiological Targets for Conservation. Philos. Trans.
R. Soc. Lond. B Biol. Sci. 2024, 379, 20220512. [CrossRef]

57. Wang, Q.; Shelton, R.C.; Dwivedi, Y. Interaction between Early-Life Stress and FKBP5 Gene Variants in Major Depressive Disorder
and Post-Traumatic Stress Disorder: A Systematic Review and Meta-Analysis. J. Affect. Disord. 2018, 225, 422–428. [CrossRef]

58. Matosin, N.; Halldorsdottir, T.; Binder, E.B. Understanding the Molecular Mechanisms Underpinning Gene by Environment
Interactions in Psychiatric Disorders: The FKBP5 Model. Biol. Psychiatry 2018, 83, 821–830. [CrossRef] [PubMed]

59. Hernández-Díaz, Y.; González-Castro, T.B.; Tovilla-Zárate, C.A.; Juárez-Rojop, I.E.; López-Narváez, M.L.; Pérez-Hernández, N.;
Rodríguez-Pérez, J.M.; Genis-Mendoza, A.D. Association between FKBP5 Polymorphisms and Depressive Disorders or Suicidal
Behavior: A Systematic Review and Meta-Analysis Study. Psychiatry Res. 2019, 271, 658–668. [CrossRef]

60. Zannas, A.S.; Wiechmann, T.; Gassen, N.C.; Binder, E.B. Gene-Stress-Epigenetic Regulation of FKBP5: Clinical and Translational
Implications. Neuropsychopharmacology 2016, 41, 261–274. [CrossRef]

61. De La Cruz-Cano, E. Association between FKBP5 and CRHR1 Genes with Suicidal Behavior: A Systematic Review. Behav. Brain
Res. 2017, 317, 46–61. [CrossRef]

62. Thomas, N.; Armstrong, C.W.; Hudaib, A.-R.; Kulkarni, J.; Gurvich, C. A Network Meta-Analysis of Stress Mediators in Suicide
Behaviour. Front. Neuroendocrinol. 2021, 63, 100946. [CrossRef] [PubMed]

63. National Cancer Institute. Spindle and Kinetochore-Associated Protein 2; National Cancer Institute: Rockville, MD, USA, 2020. [CrossRef]
64. Xie, M.; Bu, Y. SKA2/FAM33A: A Novel Gene Implicated in Cell Cycle, Tumorigenesis, and Psychiatric Disorders. Genes Dis.

2019, 6, 25–30. [CrossRef]
65. Hartmann, J.; Klengel, C.; Dillmann, L.J.; Hisey, E.E.; Hafner, K.; Shukla, R.; Soliva Estruch, M.; Bajaj, T.; Ebert, T.; Mabbott, K.G.;

et al. SKA2 Enhances Stress-Related Glucocorticoid Receptor Signaling through FKBP4–FKBP5 Interactions in Neurons. Proc.
Natl. Acad. Sci. USA 2024, 121, e2417728121. [CrossRef] [PubMed]

66. Guintivano, J.; Brown, T.; Newcomer, A.; Jones, M.; Cox, O.; Maher, B.S.; Eaton, W.W.; Payne, J.L.; Wilcox, H.C.; Kaminsky, Z.A.
Identification and Replication of a Combined Epigenetic and Genetic Biomarker Predicting Suicide and Suicidal Behaviors. Am. J.
Psychiatry 2014, 171, 1287. [CrossRef]

67. Niculescu, A.B.; Levey, D.; Le-Niculescu, H.; Niculescu, E.; Kurian, S.M.; Salomon, D. Psychiatric Blood Biomarkers: Avoiding
Jumping to Premature Negative or Positive Conclusions. Mol. Psychiatry 2015, 20, 286. [CrossRef]

68. Toh, Y.L.; Ng, T.; Tan, M.; Tan, A.; Chan, A. Impact of Brain-derived Neurotrophic Factor Genetic Polymorphism on Cognition: A
Systematic Review. Brain Behav. 2018, 8, e01009. [CrossRef]
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