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Genetic variants in the Klotho gene could influence the way B-cells function and effectively
glucose functions, and this might influence the development of Type 2 Diabetes Mellitus.
Objectives: To investigate the association between Klotho gene polymorphisms rs677332 and
to determine therisk of developing type Il diabetesina case-control study. Methods: This case-
control study was conducted from Feb 2024 to July 2024 at the Department of Pathology,
Rashid Latif Medical College, Lahore. The total number of participants was n=586, sample n=293
case diabetics and 293 controls. DNA was extracted from blood samples and genotyped using
Polymerase Chain Reaction followed by restriction digestion and validated through Sanger
sequencing. To evaluate the genetic and clinical data, statistical tests were performed with
SPSS version 25.0 and PLINK (v1.07). Logistic regression analysis, adjusted for age, sex, and
region, was used to determine associations between Klotho polymorphisms and Type 2
Diabetes Mellitus. Fasting blood glucose levels were used as a reference variable in multiple
nominal regression. Results: The SNPs rs677332 polymorphism and type 2 diabetes were
significantly correlated, underscoring the importance of age, BMI, and heredity in diabetes risk.
Logistic regression confirmed that individuals in the AA genotype were linked to a 73% rise in
the likelihood of diabetes (OR=1.73, p=0.004). Conclusions: The rs677332 polymorphism of the
Klotho gene may serve as a potential protective factor against Type 2 Diabetes Mellitus. The
outcomes report the significance of Klotho gene variants for metabolic health and indicate the
possible advantages of genetic screening forearly treatment.
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INTRODUCTION

Two-thirds of Asians and Westerners suffer from Type 2
Diabetes Mellitus (T2DM), a common illness. The
development of type 2 diabetes in later life is known to be
influenced by lifestyle factors like obesity and inactivity.
However, there have been numerous scientific studies
done to date to identify the hereditary factors that
contribute to the risk of T2DM. It has been determined that
some genetic mutations cause type 2 diabetes(T2DM), and
some of these mutationsregulate the body's glucose levels
[1]. A protein that is highly involved in metabolism, insulin
control, and aging is encoded by the Klotho (KL) gene. KL
genetic polymorphisms may impact glucose metabolism,
insulin resistance, and beta-cell function, which could be

linked to type 2 diabetic mellitus [2]. Beta-glucuronidase,
which can be found in the membrane of the blood vessel as
asingle-transmembrane glycoprotein, ismade up by KL. Its
anti-aging properties have been demonstrated in the
klotho loss-of-function (kl-/kl-) mice, whose ageing
symptoms, such as osteoporosis and arteriosclerosis,
were comparable to those observed in elderly humans.
Furthermore, the lifespans of the co-isogenic wild type
mice were shorter than that of the genetically altered mice
that overexpressed Klotho [3]. Recent advancements in
genome-wide association studies (GWASs) have identified
hundreds of genetic variants associated with diabetes,
most of which could be in critical genes vital in modulating
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insulin secretion and sensitivity. Furthermore, a recent
analysis has successfully grouped diabetes-related
variantsinto five clusters, i.e., beta cell, proinsulin, obesity,
lipodystrophy, and liver/lipid, representing five diabetes-
causing pathways which are corresponding to insulin
production, insulin processing, adiposity, fat
redistribution, and lipid metabolism, respectively. Using
the genetic risk score (GRS) generated by diabetes-related
and pathway-specific variants, we could comprehensively
explore the potential modifying effect of genetic
predisposition to T2D or diabetes-causing pathway on the
association between serum pyrethroids and T2D risk [4].
Chronic metabolic disease known as type 2 diabetes
mellitus (T2DM) mainly affects the body's glucose
metabolism. Insulin is a hormone that is necessary for
controlling blood sugar levels, and in type 2 diabetes, the
pancreas may not generate enough of it. Insulin helps cells
absorb glucose so they can use it as fuel [5, 6]. The
pancreatic betacells'ability to secreteinsulin decreases as
the illness worsens. Insulin resistance occurs in the body,
which means that cellsdo notreact to the hormone as well.
Thisleadstoinsulinresistance, and elevated blood glucose
levels as the cells get less able to uptake glucose[7]. Fallin
insulin secretion and action leads to the retention of
glucose in the blood stream (hyper-glycaemia). Long-term
managing of hyper-glycaemia with may lead to several
complicationsinthelongrunincluding failure of the kidney,
nerve damage, heart disease and problems with the eyes
[8]. Type 2 diabetes mellitus (T2DM) is a pandemic
metabolic disease characterized by increased blood sugar
and caused by resistance to insulin in peripheral tissues
and damage to pancreatic beta cells. Kruppel-like Factor 14
(KLF-14) is proposed to be a reqgulator of metabolic
diseases, such as diabetes mellitus (DM) and obesity.
Adiponectin(ADIPOQ)is an adipo-cytokine produced by the
adipocytes and other tissues and was reported to be
involved in T2DM [9]. Klotho (KL) gene appears to have
important function in regulation of glucose homeostasis
through modulation of pancreatic beta-cell function and
glucose utilization. The KL gene variants may affect the KL
levels or activity and, in turn, contribute to elevated
oxidative stress and inflammation as well as dysreqgulation
of signaling through the insulin/IGF-1 and Wnt pathways.
These pathways are important for the growth, survival and
function of the beta cells and insulin secretion. When KL
function is impaired through polymorphisms, then beta
cells are rendered vulnerable to dysfunctions which make
the insulin producing rate to decline and the body cells'
sensitivity to insulin reduce. This impairment of insulin
secretion and insulin sensitivity leads to dysglycaemia and
further to the development of T2D. Hence, genetic
variation within the KL gene is strongly associated with
insulin secretion dysfunction, disturbed glucose
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homeostasis, and T2D development[10]. Polymorphism in
KL gene can alter pancreatic B-cell structure and function,
which can lead to reduced insulin release capability when
facing high blood glucose levels. The well-known hallmark
of type 2 diabetesis reduced Bcell function, which leads to
chronic hyperglycemia. KL gene can modulate the glucose-
stimulated manufacture of insulin. Mutations in this gene
could affect B-cell response to glucose, leading to
compromised insulin secretion, which accompanies the
ability to maintain normal plasma glucose levels. Because
KL participates in multiple metabolic pathways, including
those associated with glucose homeostasis and insulin
signaling, KL is a strong candidate gene for T2DM
susceptibility. The KL gene contains SNPs (e.qg. rs677332)
that have been associated with T2DM and insulin
resistance.

Type 2 Diabetes Mellitus (T2DM) constitutes one of the
most rapidly escalating metabolic pandemics globally, with
its pathogenesis driven by a complex interplay of lifestyle
factors, insulin resistance, beta-cell dysfunction, and
genetic predisposition that varies across populations. The
Klotho (KL) gene, encoding a multifunctional protein
involved in glucose homeostasis, insulin signaling, aging,
and oxidative stress regulation, has emerged as a
biologically plausible candidate gene for T2DM
susceptibility throughitsinfluence on pancreatic beta-cell
function and the insulin/IGF-1signaling pathway. However,
despite growing evidence from genome-wide association
studies linking genetic variants to diabetes risk, the
specific contribution of KL gene polymorphisms,
particularly the rs677332 single nucleotide polymorphism,
to T2DM susceptibility in South Asian populationsincluding
Pakistan remains largely unexplored, creating a significant
evidence gap for both genetic epidemiology and precision
medicine applications in the region. This study therefore
aimed to investigate the association between the Klotho
gene polymorphism rs677332 and the risk of developing
T2DM through a case-control design, while also examining
the contribution of clinical and demographic factors
includingage, sex, BMI, and family history.

METHODS

This case-control study was conducted for the duration of
six months from Feb 2024 to July 2024 at the Department
of Pathology, Rashid Latif Medical College, Lahore. The age
of the patient was 50 to 65 years. Inclusion criteria were
patients having confirmed diagnosis with diabetes Il, FBG>
126 mg/Dl, HbAlc > 6.5%, written authorization was
acquired for genetic analysis along with data usage from
patients. Exclusion criteria were excessive blood glucose
level, metabolic disorder, and metformin medication use.
Purposive sampling was employed to select participants
meeting specific inclusion criteria related to ensuring
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relevant data for genetic analysis. The formula sample size
comparing two proportions (control and case group) with
binary outcomes(presence or absence of T2DM)yields the
following useful formula: n=Za/2-(p1(1-p1) + p2(1-p2)) / (p1-
p2)2. Proportion of allele frequency in case group p1=0.60,
proportion of allele frequency in control group p2=0.40,
(p1-p2=0.20), and a=0.05 [11]. The total sample size of
participants was n= 586 and divided into n= 293 case and
293 controls group. In this experiment, coagulant tubes
and an anticoagulant vacutainer containing EDTA were
used to collect bml of venous blood for biochemical and
molecular analysis. PCR was used for DNA extraction and
genotyping to identify specific KL polymorphisms. DNA
was extracted from 244 EDTA blood samples using the
Qiagen DNA extraction kit (Qiagen, USA) following the
manufacturer's protocol. The extracted DNA was diluted in
TE buffer and stored at -20°C until further use. For
genotyping, the DNA samples were prepared by amplifying
the KL rs677332 polymorphism using polymerase chain
reaction(PCR). The reaction mix included PCR master mix,
specific primers, purified water, and genomic DNA. The
amplified PCR products were then digested using the
HPY1888lIIl restriction enzyme and analyzed on a 2%
agarose gel to confirm genotyping results. Primers were
designed using Primer3 or NCBI Primer-BLAST tools. Here
is a suggested primer pair for amplifying the KL rs677332
region. Forward Primer: 5-TGC TGG AAG AGA AGT GGA AGC
-3'.Reverse Primer:5-AGAGTCCTCCGAGGCTCATT-3". To
evaluate metabolic status, fasting blood glucose (FBG),
insulin, and HbAlc were tested in addition to genetic data.
For evaluating metabolic health in a study on KL gene
polymorphisms, biochemical assays are essential. Afteran
8-hour fasting, fasting blood glucose (FBG) was measured;
were indicative of diabetes. Anaverage blood glucose level
over the previous two to three months was provided by
hemoglobin Alc (HbAlc), with values above 6.5% indicating
diabetes. Clinical and genetic data imported from Excel
were statistically analyzed by using SPSS version 25.0. For
comparison of diabetic patients and controls, t-test,
Hardy-Weinberg Equilibrium (HWE), and multiple logistic
regression were used. Using fasting blood glucose (FBG)as
areference, multiple nominal regression analysis was also
carried out and significant level of p<0.05. The study was
approved by the Institutional Review Board of Rashid Latif
Medical College, Lahore under the reference number
IRBO0010673. Informed consent was obtained from all
study participantspriorto enrollmentinthe study.

RESULTS

A comparison of the clinical and demographic traits of the
control group with the diabetes cases is shown in table 1.
With a mean age of 56.4 years compared to 52.5 years
(p<0.001), the results show that diabetics were much older
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than controls. This implies a risk of diabetes that varies
with age. Furthermore, the diabetes group's body mass
index (BMl) is significantly higher (28.5 kg/m2) than that of
the control group (25.1 kg/m2), and the p-value (<0.001)
further supports this finding. Additionally, the diabetes
cohort's fasting blood glucose (FBG)levels are much higher
(151.5 mg/dL) than the controls' (30.0 mg/dL), and this
difference is statistically significant (p<0.001).
Furthermore, supporting the presence of diabetes is the
fact that the glycated hemoglobin(HbAlc)levelsin cases of
the disease (7.9%) are significantly higher than in controls
(5.7%). The gender ratio is approximately equal between
controls and diabetic patients, as revealed by the Chi-
Square Test's finding of no significant difference in sex
distribution(p=0.18)betweenthe two groupsintable1.

Table 1: Association Between Controls and Diabetic Cases for
rs677332 Polymorphism

Groups Mean+SD  Test Statistic p-Value

Controls (n=293) 52.5+8.9
Age (Years)— - t=3.20 <0.001
Diabetic (n=293) 56.4+9.5

Variables

BMI Controls (n=293) 25.1+3.6 {=5.90 0.00]
=5. <0.
(kg/m”) ["Diabetic(n=293) | 28.5+4.0
FBG | Controls(n=293) | 90.0+11.5

<0.001

(mg/dL) [ Diabetic(n=293) | 151.5+31.8 =150
Controls (n=293) 5.7+0.5
Diabetic (n=293) 7.9+1.4
Controls (n=293) 165/125

Sex(M/F) —— ¥=1.75 0.180
Diabetic (n=293) 161/ 135

Table 2 shows the genotype frequencies of the rs677332
polymorphism in both diabetic patients and control
subjects. There is a clear correlation between the AA
genotype and a higher risk of developing diabetes, as seen
by the considerably higher AA genotype frequenciesin the
diabetic group (44.9%) compared to 30.0% in the control
group (p = 0.003). In contrast, the prevalence of the AG
genotypeis considerably lowerin cases of diabetes(37.2%)
compared to controls (50.0%), suggesting that this
genotype may offer some protection against the
development of diabetes. However, the p-value for this
comparisonisnotstateddirectly. There was no statistically
significant difference in the frequencies of the GG
genotype between the two groups (20.0% in controls and
17.9% in diabetics), indicating that higher risk of diabetes
wasnotlinkedtothisgenotypeintable 2.

Table 2: Genotype Frequencies of rs677332 Polymorphisms in
Diabetic Casesand Control Subjects

HbATc(%) t=14.20 <0.001

Poly- Geno- Control  Diabetic

o Subjects Cases
morphism type (n=293) (n=293) Value

Interpretation

Significant
rs677332 | AA | 87(30.0%) [133(44.9%)|<0.003| Association; Higher
in Diabetic Cases.
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AG |145(50.0%)|110(37.2%) |<0.005| Association; Lower
in Diabetic Cases.
No Significant
Difference.

GG |58(20.0%)| 53(17.9%) | 0.088

To reveal the relationship between genotypes of rs677332
and Type 2 Diabetes Mellitus(T2DM). Withan odds ratio (OR)
0f 2.10(95% Cl: 1.45 - 3.06) and a p-value of 0.003, the data
demonstrate that those with the AA genotype had a
markedly elevated risk of T2DM. Thisimplies that the risk of
developing diabetes is more than twice as high for those
who carry the AA genotype as for people who do not. With
an OR of 0.63(95% Cl: 0.45-0.88)and a p-value of 0.012, on
the other hand, the AG genotype appears to lessen the risk
of T2DM, suggesting that those who carry it may be at a
lesser risk forillness. On the other hand, the GG genotype
does not significantly correlate with T2DM (OR = 0.88, p =
0.78), meaning that it has no effect on the risk of getting
diabetesintable 3.

Table 3: Association of rs677332 Genotypes with Diabetes Type 2
Control Diabetic Odds 95%

type Subjects Cases Ratio Confidence
(n=293) (n=293) (OR) Interval(Cl)

Geno- Interpretation

p-
Value

AA Genotype
Associated with
Increased Risk of

T2DM.

145 10 AG Genotype may

AG 5 o 0.63 | 0.45-0.88 [0.012|Confer Resistance
(50.0%) | (37.2%)

to T2DM.

No Significant
Association:
GG Genotype is
Not Protective.

33

87 1
A | 300%) | (4499 | 270 | 1:46-3.06 |0.003

58 53
GG (200%) | (17.9%) 0.88 | 0.568-1.33 |0.780

Results presents the findings of a multivariate logistic
regression study aimed at determining risk variables for
diabetes. The results highlight the significance of age as a
risk factor, showing that every year of age beyond 50 raises
the likelihood of diabetes by 5% (OR=1.05, p=0.016).
Moreover, there may be gender variations in the risk of
diabetes, as being female is linked to a 52% increased
chance of getting the disease (OR=1.52, p=0.004). BMI also
demonstrates a strong correlation, emphasizing the
significance of obesity in the incidence of diabetes. For
everyunitincrease, thereisan8% increaseinthelikelihood
of diabetes (OR=1.08, p=0.006). The AA genotype rs677332
islinked to a73% rise in the likelihood of diabetes(OR=1.73,
p=0.004), confirming its important role in the risk of
developing diabetes. Lastly, with an odds ratio of 2.12
(p<0.001), a family history of diabetes is a powerful
predictor, meaning that those who have one are more than
twiceaslikelytogettheillnessasintable 4.
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Table 4: Multiple Logistic Regression Analysis for Factors
Associated with Diabetes

Odds Ratio 95% Confidence p-

P (OR) Interval(Cl)  Value

Age 1.05 1.01-1.09 0.016
Sex(Female) 1.562 1.13-2.04 0.004

BMI 1.08 1.02-1.14 0.006

rs677332 Genotype AA 1.73 1.14-2.62 0.004
Family History of Diabetes 2.12 1.565-2.90 <0.001

SNP rs659117 in the KL gene has a Regulome DB score of 2,
indicatingmoderate regulatory potential. ltactsasaneQTL
in tissues like the liver and pancreas, influencing gene
expression. The SNP affects transcription factor binding
(e.g., FOXO01, STAT3) and is in a DNase-hypersensitive
region, suggesting its role in gene activation and insulin
reqgulation, and further impact the pathogenesis of T2DM,
seetableb.

Table5: SNPrs659117inthe KL Gene hasaRegulome DB Score

Feature Value/Details Interpretation

A score of 2 suggests that the
Regulome DB SNP has moderate regulatory
Score potential, with potential
impacts on gene regulation.

SNP rs659117 influences gene

e0TL Yes (Liver, expression in liver and pancreas
Pancreas) tissues, which are relevant to
glucose metabolism.
The SNP affects regions bound
TFBS 9 y

by FOXO1and STAT3, which are

(Transcription transcription factors involved in

Yes, Binding to

Factgirtglsr;dmg FOXOTand STATS meta-bolic regulation and
insulin signaling.
Yes, Located in | The SNP isin an open chromatin
DNase

Active Enhancer | region, likely to be involved in

Hypersensitivity Region transcriptional regulation.

The SNP influences a region

o Yes, Histone bound by histone modification
Protein Binding H3K4me3 Binding| proteins, which is critical for

gene activation.

The SNP changes the STAT3
binding motif, suggesting it
could modulate the transcription
factor's role in regulating insulin
sensitivity.

Yes, Alters Motif

Motif Impact | ¢ STAT3 Binding

First band indicate AA genotype, second band indicate AG
and third band indicate GG genotype. The band size 150kb,
seefigurel.

-

_-

Ladder size 500kb

Figure 1: GelImage of Genotype

DISCUSSION

Diabeteshasbecomeacommondisorderinourcentury. An
unregulated diet, inactivity, and a sedentary lifestyle have
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all contributed to the elevatedincidence of type 2 diabetes,
achronic metabolic disease, inthe 20th century. Moreover,
every inherited family is influenced by genetics [12, 13].
Comparing the demographic, clinical, and genetic traits of
diabetic patients and control participants allowed
researchers to examine the potential link between the
rs677332 polymorphism and diabetes. The findings
revealed major variationsinage, BMI, fasting blood glucose
(FBG), and glycated hemoglobin (HbAlc) levels among the
two groups as well as notable relationships with specific
genotypes of the rs677332 polymorphism. In the present
study, the mean age of the diabetes group was 56.4 years,
which was substantially older than the mean age of the
control group(52.5years). Thisresultisinline with multiple
studies that have shown agingto be asignificant risk factor
diabetic patient, emphasizing the significance of age-
related pathophysiological alterationsthat may predispose
people to the disease [14]. Further supporting the
literature that links obesity to a higher risk of diabetes type
2 by associating excess adipose tissue with insulin
resistance is the considerably higher BMI (28.5 kg/m2) in
the diabetic group [15]. The FBG and HbAlc level analysis
provides additional evidence for the participant
classification; diabetics had significantly higher levels
(FBG: 151.5 mg/dL; HbAlc: 7.9%) than controls (FBG: 90.0
mg/dL; HbAlc: 5.7%). These findings support earlier
studies, showing that diabetic patients typically have
higher blood glucose levels, underscoring the importance
of glycemic control in the management of diabetes[16]. In
the current study finding that, the rs677332 polymorphism
genotype frequencies showed a p-value of 0.003 and that
the AA genotype was substantially more common in
diabetic patients (44.9%) compared to controls (30.0%).
Thisresult is consistent with earlier research showing that
some genetic variations can affect diabetes susceptibility
and reveals a strong correlation between the AA genotype
and T2DM [17]. In contrast, the AG genotype was found in
diabetic cases in 37.2% of cases compared to controls in
50.0% of cases, suggesting a possible protective effect
against diabetes and supporting earlier findings that
certain genotypes may confer resistance to metabolic
diseases. This reinforces the concept that different
alleles/variants within the same gene may have different
effects as well as the evidence that the GG genotype is not
significantly associated with diabetes[18]. Current results
were consistent with those from a multiple logical
regression study that identified independently unfavorable
prognostic factors for T2DM are age, sex, BMI, the rs677332
AA genotype and history of diabetes in the family. The risk
of diabetesincreased by 5% per year of age over the age of
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40, and being female was associated with 52% higher risk
of diabetes. These findings align with previous studies that
highlight the differential impact of sexand age on diabetes
outcomes and prevalence [19]. Furthermore, a unit
increase in BMI raised the risks of diabetes by 8% which
corroborates the finding with previous studies that
cholesterol was obesity and insulin resistant [20]. There
were 73% increased odds of diabetes associated with the
rs677332 AA genotype, which argues for contributions of
specific genes to type 2 diabetes risk through genetic
predisposition. Consistent with this finding, family history
emerged as a predictor of diabetes indicating the
importance of interaction between genetic and
environmental effects in the etiology of this condition.
These observations correlate with some previous
epidemiological findings that type 2 diabetes fall into the
category of heritable diseases [21, 22]. The KL (Klotho)
gene, while primarily associated with type 2 diabetes
mellitus (T2DM), plays a broader role in various metabolic
pathways. KL gene variants influence calcium-phosphorus
regulationthrough fibroblast growth factor(FGF)signaling,
which is crucial for mineral homeostasis and linked to
conditions like chronic kidney disease (CKD) and
osteoporosis. Additionally, KL polymorphisms are
associated with aging and longevity by reducing oxidative
stress and inhibiting cellular senescence, contributing to
protection against cardiovascular diseases such as
vascular calcification and atherosclerosis. These findings
highlight the systemic relevance of KL variants, positioning
them as potential biomarkers or therapeutic targets for
metabolic and age-related diseases beyond T2DM[23]. We
have expanded the discussion to emphasize the clinical
and genetic implications of present findings, particularly
the significant association of the AA genotype with an
increased risk of Type 2 Diabetes Mellitus (T2DM).
Additionally, we highlighted the potential protective role of
the AG genotype, whichappearstoreduce therisk of T2DM.
The AA genotype may increase the risk of Type 2 Diabetes
Mellitus(T2DM)due toits potential effect on the expression
or function of genes involved in glucose metabolism,
insulin resistance, or B-cell function. Specific genetic
variants in key genes, like those influencing insulin
secretion or action, can lead to an impaired ability to
regulate blood sugar levels. In the case of the AA genotype,
it may be associated with higher expression of risk-related
alleles or less favorable interactions with other metabolic
pathways, making individuals more susceptible to insulin
resistance, beta-cell dysfunction, and, ultimately, T2DM.
[24]. We also discussed how these genetic insights could
contribute to personalized medicine and risk prediction for
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T2DM, supporting the development of tailored preventive
andtherapeutic strategies.

This study was constrained by its single-center design at
Rashid Latif Medical College Lahore, purposive rather than
population-based sampling, and a six-month data
collectionwindow, all of which limit the representativeness
and generalizability of genetic association findings to
Pakistan's broader and ethnically diverse diabetic
population. The exclusion of patientson metformintherapy
and those with metabolic disorders may have introduced
selection bias by excluding a clinically significant segment
of the T2DM population, and the absence of additional
metabolic biomarkerssuchasinsulinlevels, C-peptide, and
inflammatory markers restricted a comprehensive
mechanistic understanding of how rs677332 influences
beta-cell function and glucose homeostasis. Future
research should employ multicenter, population-based
designs with larger, ethnically stratified cohorts from
across Pakistan's provinces, incorporating genome-wide
association approaches to identify additional KL gene
variants and their interactions with environmental risk
factors such as diet, physical activity, and obesity.
Longitudinal studies tracking the progression from
prediabetes to T2DM in rs677332 genotype carriers,
alongside functional studies examining the molecular
mechanisms through which the AA genotype impairs
insulin secretion and signaling, would substantially
advance the translational potential of KL gene
polymorphism research for genetic screening and
personalized diabetes prevention strategies.

CONCLUSIONS

Analysis of the rs677332 polymorphism, on the other hand,
shows age, BMI and genetic factors. The latter is also a
significant contributor to the risk of type 2 diabetes. This
study complements previous research and lends support
to the need for genetic screening and tailored prevention
efforts in high-risk groups. KL gene polymorphisms play a
significant role in various metabolic and age-related
conditions. Future studies should explore their therapeutic
potential and utility in early genetic screening, which could
help identify individuals at risk and guide targeted
interventions.
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