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ABSTRACT

This study presents the development and optimization of a targeted next-generation sequencing (NGS) panel for the
diagnosis of maturity-onset diabetes of the young (MODY). MODY is frequently misdiagnosed as type 1 or type 2 diabetes,

highlighting the need for accurate genetic testing approaches.

This study aimed to design a primer panel targeting MODY-associated genes, optimize multiplex PCR conditions, and

evaluate the performance of the developed workflow.

A total of 124 primer pairs were designed using PCRpanel software and tested. Specific amplification of target regions
(300-400 bp) was confirmed by agarose gel electrophoresis. Multiplex PCR conditions were optimized. DNA libraries were
prepared and successfully sequenced using the Illumina MiSeq platform. The minimum sequencing coverage achieved was

30x, with most regions exceeding 100x.

The developed panel demonstrated high specificity and may serve as an effective diagnostic tool for MODY.
Keywords: MODY, targeted panel, NGS, multiplex PCR, genetic diagnostics, WES

INTRODUCTION

Monogenic forms of diabetes mellitus are a heterogeneous
group of inherited diseases caused by variants in genes regu-
lating pancreatic B-cell function [1, 2]. One of the best-stud-
ied forms is MODY (Maturity-Onset Diabetes of the Young),
which accounts for 2-5% of all cases of diabetes [3]. Despite
this, this form of the disease often remains underdiagnosed
and is frequently misclassified as type 1 or type 2 diabetes,
leading to inappropriate treatment [4].

MODY is characterized by early onset, autosomal dom-
inant inheritance, and impaired insulin secretion in the ab-
sence of pronounced insulin resistance. Currently, more than
14 genes have been described, with variants that are associ-
ated with various MODY subtypes that differ in their clinical
course, prognosis, and treatment approaches [2].

Accurate diagnosis of MODY is crucial for determining
patient management strategies, disease prognosis, and genetic
counseling. In some cases, establishing the genetic cause of
the disease allows for modification of therapy, including dis-
continuing insulin and switching to oral hypoglycemic agents.
Therefore, molecular genetic testing is a key tool for confirm-
ing the diagnosis.

Modern next-generation sequencing (NGS) methods al-
low for the simultaneous analysis of multiple genes associ-
ated with the disease, making them an effective diagnostic
tool for monogenic forms of diabetes [5]. However, the use
of whole-exome or whole-genome sequencing is limited by
high cost, excessive data volume, and the need for complex
bioinformatics processing.

An alternative approach is targeted NGS-based panels,
which allow for the targeted analysis of a preselected set of
genes. Such panels are more cost-effective, provide high cov-
erage, and are suitable for routine diagnostic use [6]. A com-
mercial amplicon-based multiplex PCR kit for MODY diag-
nostics (MASTR/SureMASTR MODY, Agilent) is available,
targeting seven MODY-associated genes (ABCCS8, GCK,

HNF1A, HNF4A, HNF1B, INS, KCNJ11) across 118 ampl-
icons distributed into five separate multiplex PCR reactions.
This kit has been used in large-scale clinical cohorts, includ-
ing a Hungarian study of 450 patients with suspected MODY,
alongside Sanger sequencing and hybridization-capture-based
approaches [7]. However, detailed descriptions of the under-
lying multiplex PCR primer design, pool optimization strat-
egy, and thermal cycling parameters for such commercial kits
are proprietary and not published in the peer-reviewed liter-
ature, limiting their reproducibility and adaptability for lab-
oratories developing in-house diagnostic workflows. To our
knowledge, no peer-reviewed study has reported the complete
design and experimental optimization process of a custom
multiplex PCR-based targeted NGS panel for MODY diag-
nostics, including primer pool composition and thermal cy-
cling optimization data.

However, the development of targeted panels requires
careful optimization, particularly at the multiplex polymerase
chain reaction (PCR) stage. Simultaneous amplification of a
large number of genetic targets can be associated with a num-
ber of technical challenges, including non-uniform amplifi-
cation, competition between primers, and the formation of
non-specific products.

Despite the widespread adoption of NGS in clinical prac-
tice, optimization of multiplex PCR protocols for targeted
panels remains understudied, particularly in the context of
MODY diagnostics. The development of stable and reproduc-
ible methodological approaches is essential for the creation of
reliable diagnostic tools [8].

This study aims to develop and optimize a targeted NGS
panel for MODY diagnostics, including primer design, multi-
plex pool formation, and selection of optimal PCR conditions.
Additionally, a pilot validation of the developed approach is
conducted using NGS sequencing of clinical samples. To our
knowledge, this is the first study in Kazakhstan focusing on
the development and optimization of a targeted MODY panel
with a multiplex PCR-based workflow.
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METHODS AND MATERIALS

Patient recruitment

Peripheral blood samples (~2-3 mL each) were collected
from 17 individuals with clinical suspicion of MODY.

Clinical evaluation included patient interviews, anal-
ysis of medical records, and laboratory data. All samples
were collected after obtaining informed consent in accor-
dance with ethical standards. Written informed consent was
obtained from parents/legal guardians of all pediatric par-
ticipants before sample collection, covering the study aims,
expected outcomes, blood sample collection, and data pro-
tection in accordance with the legislation of the Repub-
lic of Kazakhstan. The study was conducted in accor-
dance with the Declaration of Helsinki, and approved by
the Ethics Committee of the National Center for Biotech-
nology (No. 5, dated 14 May 2024, Astana, Kazakhstan).

The study cohort consisted of 17 individuals, pre-
dominantly pediatric and young adult probands (age at on-
set under 25 years, consistent with standard MODY diag-
nostic criteria) along with several affected family members
recruited for segregation analysis, with clinical suspicion of
MODY or early-onset diabetes atypical for classical type 1
or type 2 diabetes. Clinical presentations included elevated
HbA Ic (ranging from approximately 6.5% to 12%), variable
C-peptide and fasting glucose levels, and in several cases a
positive family history of diabetes across multiple genera-
tions. A subset of patients also presented with overweight/
obesity, while others had normal body mass index, reflect-
ing the phenotypic heterogeneity characteristic of MODY. Pa-
tients were recruited at the Center for Motherhood and Child-
hood, UMC (United Medical Center) (Astana, Kazakhstan),
with the participation of pediatric endocrinologists and med-
ical geneticists, based on clinical evaluation, family history,
and laboratory findings. All 17 recruited patients subsequently
underwent whole-exome sequencing (WES) as part of stan-
dard diagnostic workup. Samples P1, P9, and P17 were se-
lected for pilot targeted NGS sequencing because WES had
already identified confirmed pathogenic or likely pathogenic
variants with established MODY subtypes in these three pa-
tients, allowing the developed targeted panel to be validated
against samples of known, genetically confirmed status.

DNA extraction and quality assessment

Peripheral blood was collected in EDTA-containing tubes
(AVATUBE, Kazakhstan). Genomic DNA was extracted from
whole blood using GeneJET Genomic DNA Purification Kit
(Thermo Fisher Scientific, Waltham, MA, USA) and QIAamp
DNA Blood Kit (Qiagen, Hilden, Germany), according to the
manufacturers’ instructions.

DNA concentration was measured using a Qubit® 2.0
fluorometer (Thermo Fisher Scientific, Waltham, MA, USA)
with the Qubit dsDNA HS Assay Kit (Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA). DNA purity was ad-
ditionally assessed using a NanoDrop™ 1000 spectrophotom-
eter (Thermo Scientific, Waltham, MA, USA).

DNA integrity was evaluated using the TapeStation 4150
system (Agilent Technologies, Santa Clara, CA, USA). Primer
design and panel development

PCR amplification and gel electrophoresis
Primers were designed using PCRpanel, an in-house Ja-
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va-based platform developed for ultra-high multiplex primer
design, incorporating thermodynamic modeling, primer-dimer
prediction, sequence complexity assessment, and repeat-aware
specificity filtering into a unified automated workflow. The
software is an internally developed platform and is not cur-
rently publicly available; all primer sequences, target genomic
coordinates, and PCR reaction parameters generated using this
platform are provided in full in this manuscript (Table 1 and
Methods and Materials) to ensure experimental reproducibil-
ity. Individual primer pairs were tested by single-PCR in a to-
tal reaction volume of 20 uL, containing 5 pL MilliQ water, 1
pL human genomic DNA (10 ng/pL; final amount 10 ng per
reaction), 10 uL 2x Phusion Hot Start II High-Fidelity PCR
Master Mix (Thermo Fisher Scientific, Waltham, MA, USA),
and 2 pL each of forward and reverse primer (1 uM stock; fi-
nal concentration 100 nM each). PCR amplification was per-
formed using a VeritiPro™ Thermal Cycler (Applied Biosys-
tems, Waltham, MA, USA) under the following conditions:
initial denaturation at 98°C for 30 s, followed by 32 cycles of
denaturation at 98°C for 5 s, annealing at 60°C for 60 s, and
extension at 72°C for 60 s, with a final extension at 72°C for 1
min. Amplification products were analyzed by horizontal elec-
trophoresis in a 1.5% agarose gel using a Bio-Rad electropho-
resis system. DNA fragments were visualized under UV illu-
mination to assess product size and specificity.

Multiplex PCR

Primers were designed using PCRpanel based on
the human reference genome (GRCh38/hg38), target-
ing coding exons and flanking intron-exon boundar-
ies of the five MODY-associated genes. Gene-specific de-
sign was based on the following RefSeqGene reference
sequences (NCBI): NG 009818 for HNF4A (MODY1),
NG _011731 for GCK (MODY?2), NG_008847 for HNF1A
(MODY3), NG_013019 for HNF1B (MODYS5), and
NG 011820 for NEURODI1 (MODY6). A total of 124 prim-
ers were designed across the five genes and organized into
gene-specific multiplex pools, as detailed in Table 1.

Following individual primer validation, primer pairs were
combined into gene-specific multiplex pools (Table 1) for fur-
ther optimization. Each 100 uL multiplex PCR reaction con-
tained 71 pL MilliQ water, 5 uL human genomic DNA (10
ng/uL; 50 ng total input), 20 puL 5x Phusion Plus Buffer, 2
pL ANTPs (10 mM; final concentration 0.2 mM), 1 puL of the
pooled primer panel (1 uM stock; final concentration 50 nM
per primer), and 1 pL Phusion Plus II Hot Start DNA Poly-
merase (2 U/uL). PCR amplification was carried out under the
following conditions: initial denaturation at 98°C for 90 s, fol-
lowed by 32 cycles of denaturation at 98°C for 5 s, annealing
at 60°C for 240 s, and extension at 72°C for 30 s, with a final
extension at 72°C for 1 min.

Library preparation and next-generation sequencing

PCR products obtained from multiplex amplification were
purified and used for library preparation. For pilot validation
of the developed panel, three patient samples were selected
for next-generation sequencing. Purified PCR amplicons (5 ng
input DNA per reaction) were indexed by PCR using dual-in-
dex primers in a reaction containing 5x Phusion Plus Buffer,
10 mM dNTPs, and Phusion Plus DNA Polymerase (Thermo
Fisher Scientific, Waltham, MA, USA). Index PCR was per-
formed under the following conditions: initial denaturation
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Figure 1. TapeStation electropherogram of prepared sequencing libraries.

Fragment size distribution of indexed libraries prepared for all patient samples designated for NGS
sequencing, assessed using the TapeStation 4150 system (Agilent Technologies, Santa Clara, CA, USA).
Lanes correspond to individual patient libraries; the upper (purple) and lower (green) bands indicate the
internal size standards (10,000 bp and 15 bp, respectively). Library fragments predominantly fall within

the range of approximately 250-400 bp, consistent with the expected amplicon size of the developed
panel, confirming successful library preparation prior to sequencing.

at 95°C for 30 s, followed by 8 cycles of 95°C for 30 s, 55°C
for 30 s, and 72°C for 30 s, with a final extension at 72°C
for 1 min. Indexed libraries were purified using AMPure XP
magnetic beads (Beckman Coulter, Brea, CA, USA) ata 1:1
bead-to-sample ratio, followed by two washes with freshly
prepared 80% ethanol and elution in nuclease-free water. Li-
brary concentration was measured using the Qubit dSDNA HS
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).
Library size distribution was assessed using the TapeStation
4150 system (Agilent Technologies, Santa Clara, CA, USA),
confirming a predominant fragment size range of approxi-
mately 250-400 bp across all libraries, consistent with the
expected amplicon size range of the developed panel (Fig-
ure 1). Libraries were normalized to 4 nM following the stan-
dard normalization (Illumina MiSeq Denature and Dilute Li-
braries Guide). Sequencing was performed on the Illumina
MiSeq platform using the MiSeq Reagent Nano Kit v2 (Illu-
mina, San Diego, CA, USA), enabling paired-end sequenc-
ing (2 x 250 bp).
Bioinformatics analysis

Raw sequencing data (FASTQ files) were subjected to
quality control and filtering to remove low-quality reads and

Table 1. Target Genes and Primer Coverage

adapter sequences. Reads were aligned to the human reference
genome using the BWA mem algorithm. Subsequent analy-
sis included evaluation of sequencing coverage, uniformity
of read distribution across target regions, and overall perfor-
mance of the developed panel.

RESULTS

As a result of the research, a targeted panel for analyzing
genes associated with MODY was developed and optimized.
The final panel included five key genes: HNF4A (MODY1),
GCK (MODY2), HNF1A (MODY3), HNF1B (MODY5),
and NEUROD1 (MODY®6). A total of 124 primer pairs were
developed, designed to amplify coding regions and adjacent
exon-intron boundaries. The length of the amplicons ranged
from 300 to 400 nucleotides, which corresponds to the opti-
mal parameters for sequencing on the Illumina platform. The
developed panel provided coverage of all exons of the se-
lected genes, enabling a comprehensive analysis of genetic
variants potentially associated with monogenic diabetes. The
distribution of primers across genes and their main character-
istics are presented in Table 1.

Reference .
Gene Chr Location Exon count Length Primer pair ID sequence Primers per pool
HNF4A 42,38
20 20q13.12 15 78,898 nt 53F-92R NG_009818 1
(MODY1) (two pools)
GCK 30, 26
7 Tpl3 15 46,227 nt 25F-52R NG_011731 |
(MODY2) (two pools)
HNF1A 28,20
12 12q24.31 9 23,970 nt 1F-24R NG_008847 (two pools)
(MODY3) p
HNF1B 22
17 17q12 11 58,629 nt 93F-114R NG_013019 |
(MODYS5) (one pool)
NEURODI 10
2 2q31.3 4 12,223 nt 115F-124R ~ NG_011820 I
(MODY6) (one pool)
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Figure 2. Electropherogram of individual PCR amplification.

Agarose gel electrophoresis image demonstrating the specificity of 24 individual primer

pairs designed for the amplification of MODY3 (HNF1A) gene regions together with a

negative control (K). Each lane (1-24) corresponds to a distinct primer pair, producing
clear amplicons within the expected size range (~300-400). M - DNA marker.

Primer Efficiency Assessment

In the first stage of panel development, the efficacy of all
124 primer pairs targeting the amplification of MOD Y-associ-
ated genes was assessed individually using single-PCR. As a
representative example, Figure 2 shows the electropherogram
for 24 primer pairs targeting the HNF1A (MODY3) gene re-
gion (lanes 1-24), together with a negative control (K). Am-
plification products across all 124 tested primer pairs, includ-
ing those targeting HNF4A, GCK, HNF1B, and NEURODI,
showed comparable specificity and expected fragment size
(300-400 bp) by agarose gel electrophoresis, with high sig-
nal intensity and the absence of nonspecific products, includ-
ing primer dimers. These results demonstrate the high spec-
ificity and efficacy of the developed primers, allowing us to
proceed to the next stage, the formation of multiplex panels.

Multiplex PCR Optimization

After confirming the performance of individual primers,
they were combined into two multiplex pools, Pool 1 (primer
pairs 1-14) and Pool 2 (primer pairs 15-24), targeting the
HNF1A (MODY3) gene region, as a representative example
of the multiplex pooling strategy applied across the full panel
(Figure 3). When performing multiplex PCR on agarose gel,
a characteristic broad band in the 350-400 bp range was ob-
served, consistent with the total amplification of target regions
of similar length. Optimization of reaction conditions, includ-
ing primer concentration and temperature, ensured stable and
reproducible amplification in all samples studied. Optimiza-
tion of reaction conditions, including primer concentration
and temperature, ensured stable and reproducible amplifica-
tion in all samples studied. In particular, the annealing time
was empirically extended from 60 s (used for single-primer

PCR) to 240 s during multiplex PCR optimization, which im-
proved amplification uniformity across the large number of
co-amplified targets within each pool and reduced competi-
tion-driven bias between primer pairs; this adjustment, to-
gether with primer concentration titration, was the key deter-
minant of the final reaction conditions.

Agarose gel electrophoresis showing multiplex am-
plification of the HNF1A (MODY3) target region us-
ing two pooled primer sets: Pool 1 (P1; primer pairs 1-14)
and Pool 2 (P2; primer pairs 15-24). Both lanes show a
characteristic broad band in the 350-400 bp range, cor-
responding to the combined amplification of all target
exon regions within each pool, consistent with success-
ful multiplex PCR. DNA ladder (M) is shown on the left.
*Four additional primer pools, P1(SA)-P4(SA), cor-
respond to a separate targeted panel developed for
Alport syndrome (COL4A genes) and are not re-
lated to the MODY panel described in this study.
To evaluate the efficiency of the generated multiplex primer
pools, amplification was performed, followed by analysis of
the products by agarose gel electrophoresis (Figure 3). The
electropherogram shows the formation of distinct bands in the
range of approximately 300-400 bp in all analyzed lanes cor-
responding to samples (P1 and P2). The resulting amplicons
are characterized by sufficient intensity and the absence of
pronounced non-specific amplification products. The absence
of additional bands and smearing indicates the high speci-
ficity of the multiplex PCR and the correct operation of the
combined primer pools. Comparison with a molecular weight
marker (ladder) confirms that the sizes of the amplified frag-
ments correspond to the expected values. Thus, the obtained
results demonstrate successful optimization of the multiplex

Figure 3. Electropherogram of multiplex PCR products.
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Table 2. Variant analysis of MODY-associated genes in three patients

Sample Gene Variant type Impact AA change Interpretation
P1 HNF1A frameshift HIGH G/X protein truncating
P1 HNF1A missense MODERATE R/P probably damaging
P1 HNFI1A missense MODERATE Y/N probably damaging
P1 HNF1A missense MODERATE Y/F possibly damaging
P1 HNF1A missense MODERATE W/R probably damaging
P1 HNF1A frameshift HIGH truncated protein truncating
P1 HNF1A missense MODERATE P/H possibly damaging
P9 GCK missense MODERATE H/L probably damaging
P9 GCK missense MODERATE I/N probably damaging
P9 HNF1A frameshift HIGH truncated protein truncating
P9 HNF1A inframe deletion MODERATE QF/H protein altering
P9 HNFI1A missense MODERATE G/V probably damaging
P9 HNF1A missense MODERATE Y/N probably damaging
P9 HNF4A missense MODERATE G/W probably damaging
P9 HNF4A frameshift HIGH truncated protein truncating
P9 HNF4A inframe insertion MODERATE -/PD protein altering
P9 HNF1B frameshift HIGH truncated protein truncating

P17 GCK missense MODERATE M/K probably damaging
P17 GCK frameshift HIGH truncated protein truncating
P17 HNF1A missense MODERATE D/E probably damaging
P17 HNF1A frameshift HIGH truncated protein truncating
P17 HNF4A missense MODERATE D/N probably damaging
P17 HNF4A frameshift HIGH truncated protein truncating

reaction and the suitability of the generated primer pools for
further use in targeted sequencing.

During the initial stages of panel development, variabil-
ity in amplification efficiency in multiplex reactions was ob-
served, manifested by varying band intensities, indicating
uneven representation of individual targets. To address these
limitations, primer concentrations and PCR parameters, in-
cluding the amplification temperature profile, were optimized.
This resulted in uniform amplification of all target regions and
high reproducibility of the results.

As part of the pilot validation of the developed panel, tar-
geted sequencing was performed on three clinical samples
(P1, P9, and P17), selected based on prior WES-confirmed
pathogenic or likely pathogenic MODY variants, using the I1-
lumina MiSeq platform. The resulting data demonstrated suc-
cessful coverage of the target regions of genes associated with
MODY. Variant analysis identified genetic alterations in key
MODY-associated genes, including HNF1A, HNF4A, GCK,
and HNF1B, which are illustrated in Table 2 [9].

The detected variants included both high-impact (frame-
shifts) and moderate-impact variants (missenses and inframe
insertions/deletions). Characteristics of the identified variants
with varying functional impacts on the protein were identified

in the analyzed samples. The most significant are frameshift
variants (HIGH impact), potentially leading to protein trun-
cation, and missense variants (MODERATE impact), some
of which were predicted to be likely damaging. In patient
P1, variants were detected exclusively in the HNF1A gene,
including frameshift and several missense variants, consis-
tent with the profile characteristic of MODY3. In patient P9,
variants were identified in several genes, including GCK,
HNF1A, HNF4A, and HNF1B. These included frameshift
variants in the HNF1A, HNF4A, and HNF1B genes, as well
as missense and inframe variants. This distribution of variants
does not allow a definitive determination of a specific MODY
subtype based on targeted sequencing data alone. Patient P17
also had variants in several genes, including GCK, HNF1A,
and HNF4A, including frameshift and missense variants. Sim-
ilar to P9, the presence of variants in multiple genes compli-
cates precise MODY subtype classification.

DISCUSSION

The present study demonstrates the successful develop-
ment and optimization of a targeted NGS panel for the mo-
lecular diagnosis of monogenic diabetes. A key focus of this
work was the methodological optimization of multiplex PCR,
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which represents one of the most challenging stages in tar-
geted panel development [10, 11]. Importantly, all genetic
variants identified using the developed targeted NGS panel
was also detected by whole-exome sequencing (WES). This
concordance confirms the reliability and accuracy of the de-
signed primer panel, demonstrating that it effectively captures
clinically relevant variants associated with MODY and can
serve as a robust diagnostic tool.

Existing approaches to MODY molecular diagnostics
range from serial Sanger sequencing and commercial multi-
plex amplicon kits to hybridization capture-based NGS pan-
els covering broader gene sets, such as a 17-gene custom cap-
ture panel used in a Hungarian cohort of 450 patients [7] and
a 27-gene capture-based panel (KAPA HyperCapture, Illu-
mina NovaSeq) used in a Russian pediatric HNF4A-MODY
cohort [12]. In contrast to these capture-based strategies, the
present study employed an amplicon-based multiplex PCR
approach targeting five core MODY genes (HNF4A, GCK,
HNFI1A, HNF1B, NEURODI1). While covering fewer genes
than broader capture-based panels, this amplicon-based de-
sign offers a simpler, more cost-effective workflow that does
not require hybridization capture reagents or extended cap-
ture protocols, making it particularly suitable for laboratories
with limited NGS infrastructure. However, amplicon-based
multiplex PCR is inherently more sensitive to primer-primer
interactions and coverage non-uniformity than capture-based
approaches, which necessitated the extensive optimization de-
scribed in this study. Notably, unlike the commercial and in-
ternationally developed panels described above, the panel pre-
sented here was designed and optimized entirely in-house,
using domestically developed primers and software, repre-
senting the first locally developed targeted NGS panel for
MODY diagnostics in Kazakhstan and reducing reliance on
imported diagnostic kits

At the initial stage, individual primer pairs showed high
specificity, producing clear amplicons of the expected size
(300-400 bp), as confirmed by agarose gel electrophoresis.
However, when combined into multiplex pools, variability
in amplification efficiency was observed, likely due to com-
petition between primers and differences in amplification ki-
netics. Such challenges are commonly reported in multiplex
PCR-based approaches and represent a critical limitation in
panel design [13].

Through iterative optimization of primer concentrations
and thermal cycling conditions, uniform amplification across
all target regions was achieved. The appearance of consistent
bands in the expected size range and the absence of nonspe-
cific products or primer-dimers confirmed the robustness of
the optimized protocol [14]. These results demonstrate the im-
portance of careful experimental optimization for the devel-
opment of multiplex-based targeted panels.

It should be noted that in one sample (P1), variants were
identified exclusively in the HNF1A gene, consistent with
a classical MODY3 genetic profile. In contrast, samples P9
and P17 exhibited variants across multiple MODY-associ-
ated genes, including HNFI1A, HNF4A4, GCK, and HNF1B.
This multi-gene variant pattern complicates interpretation
and highlights an important limitation of targeted sequenc-
ing approaches: the presence of multiple variants does not
necessarily indicate causality. Importantly, all these patients
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were additionally analyzed using whole-exome sequencing
(WES), and the same genes were confirmed to harbor patho-
genic or likely pathogenic variants, supporting the reliabil-
ity of the results obtained with the developed targeted panel.

The panel was designed to target the five most clin-
ically significant MODY-associated genes (HNF4A, GCK,
HNF1A, HNF1B, NEUROD1), which together account for
the majority of genetically confirmed MODY cases reported
in the literature, with GCK and HNF 1A representing the most
prevalent subtypes. Rarer MODY subtypes were not included
in the current panel version to keep the amplicon panel size
manageable for cost-effective routine use; these may be incor-
porated in future panel iterations. The selected PCR param-
eters, including a two-step protocol with short denaturation
and extension times and an extended annealing step for mul-
tiplex reactions, were empirically optimized to accommodate
the shared amplicon size range (300-400 bp) across all target
regions, balancing amplification efficiency against the risk of
non-specific product formation inherent to high-multiplicity
primer pools [15].

These findings emphasize the need for careful interpreta-
tion of NGS results in the clinical context, including consid-
eration of variant pathogenicity, inheritance patterns, and phe-
notypic data. In particular, the presence of multiple variants
may reflect benign polymorphisms, variants of uncertain sig-
nificance, or potential oligogenic effects [8, 16].

This study highlights that the success of targeted NGS
diagnostics depends not only on sequencing technology but
also on careful design and optimization of upstream molecu-
lar workflows. However, the main limitation of this study is
the small sample size, which covers only three patients for
NGS validation, which does not allow full assessment of di-
agnostic performance.

CONCLUSION

In this study, a targeted NGS panel for the diagnosis of
MODY was successfully developed and optimized. A total
of 124 primer pairs were designed, and stable multiplex PCR
conditions were established, ensuring efficient and specific
amplification of target regions.

The developed workflow demonstrated high specificity, re-
producibility, and suitability for downstream sequencing. Pilot
NGS validation confirmed adequate coverage of target regions
and the ability to detect clinically relevant genetic variants, in-
cluding both high-impact and moderate-impact variants.

The results indicate that the proposed targeted panel rep-
resents a cost-effective and reliable approach for molecular di-
agnostics of MODY. Furthermore, this study emphasizes the
critical role of multiplex PCR optimization in ensuring the
performance of targeted sequencing assays.

Future work should focus on expanding the number of
analyzed samples, validating detected variants using orthog-
onal methods, and integrating clinical data to improve diag-
nostic accuracy.

FUNDING

This research has been funded by the Committee of Sci-
ence of the Ministry of Science and Higher Education of the
Republic of Kazakhstan (Grant No. BR24992881).




Eurasian Journal of Applied Biotechnology. No.3, 2026

DOI: 10.11134/btp.3.2026.7

ETHICS STATEMENT

The study was conducted in accordance with the Decla-
ration of Helsinki, and approved by the Ethics Committee of
the National Center for Biotechnology (No. 5, dated 14 May
2024, Astana, Kazakhstan).

AUTHOR CONTRIBUTIONS

Conceptualization, T.A.; methodology, Z.E., T A., R.A.,
K.R.; statistical analysis, R.A., K.R.; study design, T.A., R.A_;
data interpretation, T.A., Z.E.; preparation of the initial ver-
sion of the manuscript, T.A.; review and editing of the text,
T.A. ; scientific supervision, Z.E. All authors have read and
agreed to the published version of the manuscript.

REFERENCES

1. Naylor R., Knight Johnson A., del Gaudio
D. Maturity-Onset Diabetes of the Young Overview //
GeneReviews(®) / Adam M.P u np. — Seattle (WA):
University of Washington, Seattle Copyright © 1993-
2026, University of Washington, Seattle. GeneReviews is a
registered trademark of the University of Washington, Seattle.
All rights reserved. Test., 1993.

2. Hoffman L.S., Fox T.J., Anastasopoulou C. et al.
Maturity Onset Diabetes in the Young // StatPearls. — Treasure
Island (FL) ineligible companies..: StatPearls Publishing

3. Copyright © 2026, StatPearls Publishing LLC.,
2026. Jang K.M. Maturity-onset diabetes of the young: update
and perspectives on diagnosis and treatment // Yeungnam
Univ J Med. — 2020. — Vol.37, Nel. — P.13-21.

4.  César Emesto L.C., Alvaro E.O., Yayoi S.K. et al.
Differentiating Among Type 1, Type 2 Diabetes, and MODY:
Raising Awareness About the Clinical Implementation of
Genetic Testing in Latin America // AACE Clin Case Rep. —
2021.—Vol.7, Ne2. — P.138-140.

5. Zmystowska A., Jakiel P., Gadzalska K. et al. Next-
generation sequencing is an effective method for diagnosing
patients with different forms of monogenic diabetes //
Diabetes Research and Clinical Practice. — 2022. — Vol.183.
—P.109154.

6. Murphy R., Colclough K., Pollin T.I. et al. A
Systematic Review of the use of Precision Diagnostics in
Monogenic Diabetes / medRxiv. — 2023.10.1101/2023.04.

15.23288269.

7.  Gaal Z., Sztics Z., Kantor L. et al. A Comprehensive
Analysis of Hungarian MODY Patients-Part I: Gene Panel
Sequencing Reveals Pathogenic Mutations in HNF1A,
HNF1B, HNF4A, ABCC8 and INS Genes // Life (Basel). —
2021. — Vol.11, Ne8.

8.  Hattersley A.T., Patel K.A. Precision diabetes:
learning from monogenic diabetes // Diabetologia. —2017. —
Vol.60, Ne5. — P.769-777.

9. Richards S., Aziz N., Bale S. et al. Standards and
guidelines for the interpretation of sequence variants: a
joint consensus recommendation of the American College
of Medical Genetics and Genomics and the Association for
Molecular Pathology // Genet Med. — 2015. — Vol.17, Ne5. —
P.405-424.

10.  Elnifro E.M., Ashshi A.M., Cooper R.J. et al.
Multiplex PCR: optimization and application in diagnostic
virology // Clin Microbiol Rev. —2000. — Vol.13, Ne4. — P.559-
570.

11.  Fountzilas E., Tsimberidou A.M., Vo H.H. et
al. Clinical trial design in the era of precision medicine //
Genome Med. —2022. — Vol.14, Nel. — P.101.

12.  Sechko E.A., Laptev D.N., Koltakova M.P. et
al. Diabetes mellitus HNF4A-MODY in children from the
Russian population: clinical and genetic features // Front
Endocrinol (Lausanne). — 2025. — Vol.16. — P.1673182.

13.  Mamanova L., Coffey A.J., Scott C.E. et al. Target-
enrichment strategies for next-generation sequencing // Nat
Methods. —2010. — Vol.7, Ne2. — P.111-118.

14. Ruiz-Villalba A., van Pelt-Verkuil E., Gunst Q.D.
et al. Amplification of nonspecific products in quantitative
polymerase chain reactions (QPCR) // Biomol Detect Quantif.
—2017.—Vol.14. - P.7-18.

15.  Brancato D., Treccarichi S., Bruno F. et al. NGS
Approaches in Clinical Diagnostics: From Workflow to
Disease-Specific Applications // International Journal of
Molecular Sciences. —2025. — Vol.26, Ne19. — P.9597.

16. Burke W., Parens E., Chung W.K. et al. The
Challenge of Genetic Variants of Uncertain Clinical
Significance : A Narrative Review // Ann Intern Med. —2022.
—Vol.175, Ne7. — P.994-1000.

73




Eurasian Journal of Applied Biotechnology. No.3, 2026
DOI: 10.11134/btp.3.2026.7

YIK: 616.379-008.64
PA3PABOTKA U OIITUMHU3ALIAA TAPTETHOM NGS-IIAHEJIU JIJISI ITMATHOCTUKHA MODY

Toaey:xanoBa A. b., PomanoBa A. Anus, Koaabioaesa E., Kanennaps P.

'Hayuonanvnulii yenmp duomexnonocuu, Kypeanvoicunckoe wocce, 13/5, 2. Acmana, 010000, Kazaxcman
’Hayuonanvnas rabopamopus Acmanei, Kabanbaii 6amuipa 53, 2. Acmana, 020000, Kazaxcman
Aemop-rxoppecnondenm: aigal 999nym@gmail.com

AHHOTALUS

B nanHoMm mcciieqoBaHUHM MpENCTaBIeHA pa3paboTKa W ONTHUMH3ALUS TAPTETHON MaHEeNW Ha OCHOBE TEXHOJIOTHH
CeKBEeHUpOBaHMs HOBoro mokoneHust (NGS) ans quarHoctiukd MODY (amabera 3penoro tuma y monoasix). MODY gacto
OIINOOYHO JUATHOCTUPYETCS KaK CaxapHbIil uadeT 1-ro uian 2-ro THMa, 4TO MOJUYEpKUBAET HEOOXOJUMOCTh TOUYHBIX METOIOB
TEHETUYECKOM JUATHOCTHUKH.

Lenpro nccnenoBanus SBISIIACh pa3paboTKa MaHENH IpaifMepoB, HAllEJIEHHOW Ha TeHEI, acconnupoBanHsie ¢ MODY, om-
TUMH3aHA ycaoBuil mynsrutuiekcHo TP u orteHka 3¢ G eKTHBHOCTH pa3paboTaHHOTO MOAXO/A.

bb110 pazpaboTaHo u npoTecTrpoBaHo 124 napbl npaiMepoB ¢ KCHOJIB30BaHUEM IporpaMMHoro obecrnedenus PCRpanel..
Criennduueckast aMmruinduKarys neinessix yuactkos (300-400 1m.H.) moATBep K IcHa METOIOM arapo3HOro refib-3iieKTpodopesa.
YcnoBust mynbTuiuiekcHoit [TLP 6bum ontiumusuposanbl. JIHK-01OmioTexy ObUn yCHEIHO MOATOTOBICHbI M CEKBEHUPOBAHBI
¢ ucrionb3oBanueM 1ardopmel [llumina MiSeq. MuHnnmanpHas r1yOMHa ceKBeHHpOBaHUs cocTaBuiia 30X, MpU 3TOM
OOJBIIMHCTBO PETHOHOB UMENHU MOKpBITHE Oosee 100%.

Pa3paboraHHast maHeNb MPOJEMOHCTPUPOBAJIA BBICOKYIO CHEM(PUIHOCTE U MOXKET CITYXXUTb (P (PEKTHBHBIM HHCTPYMEHTOM
g quargoctuky MODY.

KiroueBsie cioBa: MODY, tapretnas nanens, NGS, mynpturuiekcaas [P, renernueckas auarnoctuka, WES

YIK: 616.379-008.64

MODY JUATHOCTHUKAJIAYFA APHAJIFAH TAPTETTIK NGS-IAHEJIIH O3IPJIEY )KOHE
OHTAMJIAHJIBIPY
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AHHOTANUA

By 3eprreyne xacecmipimaepaeri epecek Tanti KaHT nuadetin (MODY) nuarHoctrukanayra apHAIFaH KaHa OybIHIAFbI
cexsenupriey (NGS) TeXHONOTHACHIHA HET13IeITeH TapTreTTiK IMaHeN b Il 93ipiIey jkoHe OHTaimanapIpy cunartatagsl. MODY xwi
1 Hemece 2 TumTi KaHT 1UabeTi peTiHae KaTe TNarHOCTUKATaHAAbI, OYII 10T TeHETUKANBIK THAarHOCTUKAHBIH MaHBI3IIIBIFBIH
KepceTei.

3eprreyain MakcaTel MODY-MeH OaiianbIcThl reHaepre OarbITTallFaH paiMepiliK HaHemb Il a3ipiey, Mynbruruiekcti [TTP
JKaF/aiiapblH OHTaIaH BIPY KOHE YCHIHBIIFAH O/IICTIH THIMALIITIH Oaranay OOJ/bl.

Kanmei canst 124 npaiimep sxyos1 PCRpanel 6arnapnamanbik )kacakTaMachIH TTai1allaHbIIl 931pJIeHIl, ChIHAKTaH OTKI3LIL.
Makcartsl aiimakTapabi (300-400 >xyn Heri3) cnenuduKanblK aMIUIH(QUKALSICHl arapo3bl I'elb-3JIeKTPodope3 apKbUIbI
pacrtanabl. Mynstumiekcti [ITP xarmaiinapst onrainanasipeuiasl. JJHK kitanxanamaper paieigaansein, [1lumina MiSeq
riardopmackinaa cotTi cekBeHupiieH1i. CeKBEHUPIIEYIiH eH ToMeHr1 Tepenairi 30 Kypasl, all KenTereH aiiMakrapaa Oy
kepceTkimn 100X-TeH acThl.

O3IpJICHI'eH ITaHelb XKOFaphl CHeHUPHUKAIBIKTEI KopceTTi skone MODY nuarHocTUKackIHAa THIMAL Kypait 0oja ajiaibl.

Tyiiinai ce3gep: MODY, taprerrik nanens, NGS, mynsrumiekcti [ITP, reretukanbik nuarnoctuka, WES
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