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Abstract

Aims Correct genetic diagnosis of maturity-onset diabetes of the young (MODY) is beneficial for person’s diabetes manage-
ment compared to no genetic testing. Aim of the present study was a search for optimal time- and cost-saving strategies by
comparing two approaches of genetic testing of participants with clinical suspicion of MODY.

Methods A total of 121 consecutive probands referred for suspicion of MODY (Group A) were screened using targeted
NGS (tNGS), while the other 112 consecutive probands (Group B) underwent a single gene test based on phenotype, and
in cases of negative findings, tNGS was conducted. The study was performed in two subsequent years. The genetic results,
time until reporting of the final results and financial expenses were compared between the groups.

Results MODY was confirmed in 30.6% and 40.2% probands from Groups A and B, respectively; GCK-MODY was pre-
dominant (72.2% in Group A and 77.8% in Group B). The median number of days until results reporting was 184 days (IQR
122-258) in Group A and 91 days (44-174) in Group B (p <0.00001). Mean costs per person were higher for Group A
(639 +30 USD) than for Group B (584 +£296 USD; p=0.044).

Conclusions The two-step approach represented a better strategy for genetic investigation of MODY concerning time and
costs compared to direct tNGS. Although a single-gene investigation clarified the diabetes aetiology in the majority of cases,
tNGS could reveal rare causes of MODY and expose possible limitations of both standard genetic techniques and clinical
evaluation.

Keywords Monogenic diabetes - MODY - Targeted next generation sequencing - Dideoxy sequencing

Introduction three subtypes prevail. GCK-MODY, clinically characterized

as persistent, non-progressive hyperglycaemia, is caused by

Maturity-onset diabetes of the young (MODY) implies rare
forms of hyperglycaemia caused by a single gene defect
that is transmitted to subsequent generations in an autoso-
mal dominant manner [1]. Although disruptions in several
genes have already been described as a cause of MODY,
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heterozygous variants in the glucokinase gene [2, 3]. Disrup-
tion of hepatocyte nuclear factor 1-alpha (HNF1A-MODY)
[4] or 4-alpha (HNF4A-MODY) [5] leads to a progressive
form of diabetes with a high risk of vascular complications
and a requirement for pharmacological treatment [6].

Importantly, syndromic monogenic diabetes could be pre-
sent in persons suspected to have MODY [7, 8]. The most
prevalent causes of such diagnosis are disruption of the
HNF 1B gene leading to renal cysts and diabetes (RCAD) [9]
and mitochondrial diabetes mellitus (mtDM), which could
be accompanied by other comorbidities, such as hearing
impairment, stroke, heart failure, myopathy and renal dis-
ease. [10].

The only possible confirmation of monogenic forms
of diabetes is genetic testing. Dideoxy (Sanger) sequenc-
ing of the gene of interest (i.e., determination of a specific
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nucleotide in each position of the genetic region and com-
parison to the reference) [11] has represented the gold
standard of molecular genetic testing of human disorders,
including MODY, for decades. However, gross genetic rear-
rangements, such as whole HNF1B gene deletion, the most
prevalent cause of RCAD [9], cannot be identified using this
method. Multiplex ligation probe-dependent amplification
(MLPA) is one of the possible approaches for the detection
of these structural genetic changes. Moreover, traditional
dideoxy sequencing is not able to precisely describe a pro-
portion of altered variants in the mitochondrial DNA that
cause mtDM [12]. The advent of next-generation sequenc-
ing (NGS) methods that allow massive parallel investiga-
tion of DNA are currently replacing the above-mentioned
techniques in MODY diagnostics. Targeted next-generation
sequencing (tNGS), which enables simultaneous detection of
gene sequences of interest and could be designed and com-
mercially prepared based on customer preference, represents
a broadly used approach for genetic testing of persons sus-
ceptible to MODY or monogenic syndromic diabetes [13].

The correct genetic diagnosis for people with MODY rep-
resents a model example of a precision medicine approach:
those with GCK-MODY do not require pharmacological
treatment outside pregnancy, while low doses of sulfonylu-
rea lead to better glycaemic control than insulin injections
in subjects with HNF1A- and HNF4A-MODY [14, 15]. An
important aspect of genetic testing is its cost. Several stud-
ies have already shown that biomarker testing followed by
genetic diagnosis of MODY was cost-effective compared to
no genetic testing [16]. However, an optimal cost-effective
genetic testing strategy for persons with suspected MODY
has not yet been established.

The aim of the present study was to compare the time
and cost efficacy as well as the genetic and clinical findings
of two approaches to molecular genetic testing commonly
used for MODY diagnostics (tNGS alone versus single gene
testing followed by tNGS).

Methods

Our centre serves as the country's leading institution for
molecular-genetic investigation of genes related to mono-
genic diabetes. Samples are referred by diabetologists or
other physicians, and the genetic test is financially covered
by institutional and external grant sources and therefore
free of charge for the persons. The required conditions for
genetic testing are age at diabetes diagnosis between six
months and 40 years, absence of pancreatic autoantibodies
and at least one other factor: positive family history of dia-
betes (at least two consecutive generations with hypergly-
caemia), absence of ketoacidosis at manifestation, detect-
able C-peptide and good metabolic control with diet, low
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doses of insulin or oral hypoglycaemic agents. Clinical
and biochemical information collected for each proband
included sex, current age, age at diagnosis of diabetes or
hyperglycaemia, family history of diabetes, ketoacidosis
at diagnosis, pancreatic autoantibody status, presence of
diabetic complications and renal cysts, last HbAlc, BMI
and current type of treatment. The blood samples of par-
ticipants were collected into EDTA tubes, accompanied
by signed informed consent for genetic testing, completed
clinical questionnaires and sent via regular mail to the
laboratory. On average, nine newly referred probands are
investigated per month in our laboratory.

Study design and participants

Flow-chart of the study summarises Fig. 1.

Altogether, 233 samples from probands suspected of
MODY were referred to our centre in two time periods
(Group A: November 5th 2018—November 5th 2019 and
Group B: November 6th 2019-December 31st 2020). Of
note, the recruitment time of group B was extended for
two months compared to Group A due to the pandemic of
Covid-19; however, it did not significantly affect the clinical
characteristics of the probands (Table 1) with the exception
of age that had varied also in previous years in our registry
(data not shown). Group A, consisting of 121 consecutive
probands, was tested using tNGS (for details, please see
below). If a plausible causal variant was observed, its pres-
ence was confirmed by dideoxy sequencing as described pre-
viously [17] with the exception of the m.3243A > G variant
in the MT-TL1 gene in the mitochondrial DNA whose accu-
rate detection and quantification was confirmed during initial
validation process of the tNGS panel for monogenic forms of
diabetes using several external positive controls provided by
Kevin Colclough, Ph.D. from Medical School, University of
Exeter, Exeter, United Kingdom. Group B consisted of 112
consecutive probands who underwent a single gene test that
was selected by both geneticist and qualified diabetologist
from the laboratory based on phenotypic questionnaire filled
with referring health care professional of each proband and
in cases of negative findings, this was followed by tNGS.
If there was a positive finding using tNGS, the presence of
a plausible causal variant was also confirmed by dideoxy
sequencing. The majority of probands were initially tested
for one gene by dideoxy sequencing: those with persistent,
mild hyperglycaemia were first investigated for the GCK
gene, and those with reported progressive hyperglycaemia
requiring pharmacological treatment were first tested for the
HNFIA gene. MLPA was performed first in three persons
with diabetes and renal cysts. All patients from both groups
included in this study were recruited from the same referring
health care professionals across the whole country.
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Fig. 1 Flow-chart of the study

protocol. tNGS—targeted
Next Generation Sequencing.

ACMG—American College of

Medical Genetics guidelines.
VUS—variant of unknown
significance

Table 1 Clinical characteristics

of the study groups

233 samples from probands fulfilling clinical criteria of MODY and referred for genetic testing
during 5" November2018—

315t December 2020

Group A: 121 probands

Group B: 112 pobands

(referred 5 November 2018 — 5t November 2019)

(referred 6% November 2019— 315t December 2020)

Targeted Next Generation Sequencing
(tNGS) |
of 52 genes related to pancreatic beta cells

Clinical evaluation |

Dideoxy sequencing of the GCK or HNF1A4 :
genes / MLPA of HNFIB I

) —— L —
Evaluation based on criteria by ACMG | | Evdluaton based R ACMG |
(Likely) No (likely) pathogenic
(Likely) pathogenic No (likely) pathogenic pathogenic variant
variants/variant of variant variants or VUS Vv
~ unknown ‘1‘ tNGS of 52 genes related
significance (VUS) to pancreatic beta cells
| Final report |
_____ L v
: Dideoxy | Evaluation based on
| sequencingof the | ACMG
: variant |
_____ i_ T (Likely) pathogenic No (likely)
variants / VUS pathogenic
| Final report | variant

_____ it camn |

: Dideoxy :
| sequencing of the |
variant |

| Final report |

Group A (tNGS first; Group B p value
N=121) (GCK/HNFIA —tNGS;
N=112)
Gender# (women/men) 73/48 57155 0.1867
Age at investigation (years) 35 (21-44) 26 (14-41) 0.0012
Age at diagnosis (years) 24 (15-32) 17 (11-30) 0.0428
BMI (kg/m?) 24 (20-28) 23 (19-28) 0.3091
HbAlc (DCCT; %) 6.4 (5.9-7.3) 6.5 (6.0-6.8) 0.9223
HbA1c (IFCC; mmol/mol) 46 (41-56) 47 (42-51)
Treatment®
None 14 28 >0.0538
Diet 33 21
OHA 27 24
Insulin 37 33
NA 10 6

Data are displayed as the median with interquartile range (IQR1-IQR3), and the corresponding test is Wil-
coxon’s two-sample test, if not stated otherwise

“Data are displayed as absolute frequencies, and the corresponding test is a Fisher exact test

OHA Oral hypoglycaemic agents, NA not available

Bold values refer to significance level < 0.05
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This study was approved by the institutional Ethics Com-
mittee of the 2nd Faculty of Medicine, Charles University
and University Hospital Motol, Prague, the Czech Republic.

Genetic testing and bioinformatics evaluation

Genomic DNA was extracted from peripheral blood using
the QIAmp DNA Blood Mini system (Qiagen, Hilden, Ger-
many). Based on our previous experience with the investi-
gation of monogenic forms of diabetes as well as hyperin-
sulinism and according to a literature review conducted in
2018, a set of 52 genes associated with pancreatic beta cell
dysfunction was compiled (Online Resource 1). The respec-
tive protein coding sequences as well as adjacent genetic
regions were targeted using a SureSelect Custom kit (Agi-
lent Technologies, Santa Clara, CA, USA). The NGS library
was prepared according to the manufacturer’s instructions,
and indexed products were sequenced by synthesis on a
MiSeq platform (Illumina, San Diego, CA, USA) with
200 x average coverage. Forty DNA samples were pooled
and sequenced simultaneously per run.

Our bioinformatics pipeline is based on the Genome
Analysis Toolkit (GATK) [18]. The first step of the pro-
tocol is performed by the Burrows—Wheeler Aligner [19]
that maps the sequence reads from input FASTQ files to the
human reference genome h19. The mitochondrial variant of
interest (m.3243A > G) was called using the samtools mpi-
leup command. A frequency of a variant allele (mutational
heteroplasmy) at the position of interest exceeding 1% (of at
least 200 reads) was considered diagnostic of mtDM. Subse-
quently, filtering of variants using the VarAFT tool [20] was
performed, mainly based on (a) frequencies in the databases
of variants (gnomAD—FEuropean, non-Finish population),
(b) in silico online tools predicting the functional impact of
the variant on the protein, (c) presence in the Human Gene
Mutation Database or ClinVar, and then, if possible, (d) seg-
regation of the variant with diabetes in the family. American
College of Medical Genetics and Genomics (ACMG) stand-
ards and guidelines [21] implemented in VarSome software
[22] were used for final evaluation and classification of the
detected variants in the GCK gene while recommendations
by the Monogenic Diabetes Variant Curation Expert Panel
have been followed for the HNFIA and HNF4A gene vari-
ants (https://www.clinicalgenome.org/affiliation/50016).
Finally, variants have been divided into five groups: patho-
genic, likely pathogenic, benign, likely benign or as variants
of uncertain significance (VUS).

Time and financial costs of genetic testing
The time expressed in days from the sample evidence until

finalization of the genetic results report was compared
between Groups A and B.
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The financial costs include expenses for chemicals and
expendable supplies from broadly used and reputable man-
ufacturers as well as personal costs for laboratory work
according to the tariff salary of our institution. The total cost
of tNGS for one sample was 620 USD (400 USD for mate-
rials and 220 USD for laboratory work per 20 h). Dideoxy
sequencing of all protein-coding regions and the promoter of
the GCK or HNFIA gene (ten fragments were investigated
for both genes) as well as MLPA cost 166 USD (111 USD
for materials and 55 USD for laboratory work per 5 h). The
price of dideoxy sequencing of one genetic region was 64
USD (9 USD for materials and 55 USD for laboratory work
per 5 h). Concerning all types of methods, the 64.7% of total
costs are attributed to supplies and 35.3% of total costs are
attributed to the institutional salary.

Statistics analyses

Data are summarized as medians with interquartile ranges
(IQRs) for continuous variables and as absolute and relative
frequencies in the case of categorical variables. Differences
between confirmed/rejected cases of MODY within Groups
A and B were explored using nonparametric Wilcoxon’s
two-sample test for continuous characteristics and Fisher’s
exact test for categorical variables. In the time and cost com-
parison between Group A and Group B, both Wilcoxon’s
two-sample test and the two-sample t-test were used, as the
latter compares mean costs per person. Cost estimates are
hence also expressed as the means + SD (standard devia-
tion). The level of statistical significance was set to 0.05.
Statistical language and environment R, version 4.1.0, were
used throughout the analysis [23].

Results

The median number of days from obtaining samples until
reporting of the final genetic testing results (with or without
a detected causal variant) was 184 days (IQR 122-258 days)
in Group A and 91 days (IQR 44-174 days) in Group B
(» <0.00001, Fig. 2). The median financial expenses for
genetic testing of MODY in Group A reached 620 USD
(IQR 620-684), while the median cost in Group B was 786
USD (IQR 166-786, p < 0.00001). However, mean expenses
per person were calculated to be higher for Group A (639
USD + 30 USD) than for Group B (584 USD +296 USD,
p=0.044).

Overall, a genetic diagnosis of MODY was established
in 81/233 (34.8%) and mitochondrial diabetes in 1/233
(0.4%) probands referred to our laboratory during the
study. The diagnosis of MODY was confirmed in 36 out
of 121 (29.8%) probands from Group A. Specifically, GCK
MODY was revealed in 26/36 (72.2%), HNF4A-MODY in
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Fig.2 Time from obtaining samples until reporting of genetic results
for Groups A and B

6/36 (16.7%), and HNF1A-MODY in 4/36 (11.1%). One
proband from Group A had mtDM (Table 2). Altogether,
45/112 (40.2%) probands from Group B were genetically
confirmed to have MODY. Similar to Group A, the diagno-
sis of GCK-MODY prevailed (35/45, 77.8%). The second
most prevalent subtype of MODY was HNF1A-MODY
(6/45, 13.3%), followed by HNFAA-MODY (3/45, 6.7%)
and KCNJ11-MODY (1/45, 2.2%) (Table 3). Out of 45
positive findings from Group B, 36 (80.0%) were detected
after the first step of genetic testing by a single gene analy-
sis using dideoxy sequencing. Seven persons were initially
tested for other major MODY genes than the causal one.
In addition, the pathogenic variant p.Vall82Met in GCK
was missed in one case. In one proband, who was negative
for the GCK gene, tNGS revealed a pathogenic variant in
the KCNJ11 gene. Online Resource 2 lists the observed
variants classified as VUS in both groups.

Statistically significant differences between MODY
and non-MODY probands (calculated for all included
persons) were observed for the following clinical char-
acteristics: sex (65.1% of women among MODY versus
50.7% of women among non-MODY; p=0.039), age
at study (median 20 years (IQR 14-36) versus median
35 years (IQR 20-43), p=0.0008), age at diabetes diag-
nosis (median 14 years (IQR 10-24) versus median
28 years (IQR 15-35), p<0.0001) and BMI (median 21.3
(18.3-24.2) versus median 25.2 (21.8-29.5), p <0.0001).
Moreover, probands with confirmed MODY were sig-
nificantly more often without pharmacologic treatment
compared to non-MODY subjects (p <0.000001), which
is in line with the fact that the GCK-MODY diagnosis
dominated. Differences between MODY and non-MODY
probands for the remaining studied clinical and biochemi-
cal parameters did not reach statistical significance (data
not shown).

Discussion

We present the first study comparing the time- and cost-
effectiveness of two currently available genetic testing
strategies of participants susceptible to MODY. The results
of the present study revealed that the two-step approach of
genetic testing (Group B) was more time- and cost-saving
compared to the direct performance of tNGS (Group A).
Taking both studied groups together, (likely) pathogenic
variants in one of the major MODY genes (GCK, HNFIA,
HNF4A) were observed in 80/82 (97.6%) of all probands
with a confirmed diagnosis of monogenic diabetes. This
is one of the highest proportions reported thus far [24,
25], indicating that a single-gene investigation (with the
acknowledged limitations discussed below) should repre-
sent a first genetic step on a journey to a correct diagnosis
of MODY. Importantly, this strategy would be advisable
for populations with a high prevalence of major subtypes
of MODY, such as our European, non-Finish population.
In populations where major subtypes of MODY are less
frequently observed the initial performance of tNGS might
be more suitable. The described strategy of single-gene
testing in well clinically characterized persons followed
by parallel sequencing techniques has also been recom-
mended for other monogenic disorders, such as systemic
auto-inflammatory diseases (SAID) in which three genes
are recommended to test by dideoxy sequencing if clinical
and biochemical prerequisites are met [26]. Recent study
showed that out of 196 probands tested, 20.9% obtained
genetic diagnosis of SAID of whom 78.0% carried patho-
genic variant in the same gene [27].

Comparison of the time and financial demands
of the two strategies

The significantly longer median time since sample receipt
until results reporting in Group A was mainly caused by
the fact that 40 DNA samples are processed simultane-
ously per run of tNGS, leading to longer waiting for the
fulfilment of each batch. The tNGS procedure was selected
based on our previous experience with NGS library prepa-
ration using Agilent technology [28], available NGS ana-
lysers at our institution and the need for optimizing finan-
cial expenses per sample. Concerning published reports
of tNGS for MODY, several different platforms for cus-
tom tNGS library gene preparations as well as sequencing
analysers are used in clinical practice [29, 30]. Although
the number of DNA samples tested per run is lacking in
almost all published studies, based on the average number
of tested genes and dominate sequencing platforms, we can
assume a similar or higher number of required samples per
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Table 2 Variants determined to be causal in participants with MODY from Group A

Number of Gene

Nucleotide change®  Protein change® ACMG ACMG evidence®

gnomAD MAF!

probands

4 GCK c98T>C p.Val33Ala P

3 GCK c.118G>A p.Glu40Lys P

1 GCK c.128G> A p.Arg43His P

1 GCK c.469G> A p.Glul57Lys P

1 GCK c521C>A p-Ser174Ter P

1 GCK c.626C>T p-Thr209Met P
3 GCK c.660C>A p-Cys220Ter P

1 GCK c.664G>T p-Val222Phe P

1 GCK c.772G>C p-Gly258Arg P

1 GCK c.859C>T p-GIn287Ter P

1 GCK c.944T>A p-Leu315His P

3 GCK c.952G>A p-Gly318Arg P

1 GCK ¢.1079C>G p-Ser360Trp P

1 GCK c.1148C>T p-Ser383Leu P

1 GCK c.1301G> A p.Cys434Tyr LP
2 GCK c.1340G> A p.Arg447Gln P

1 HNFIA c476G>A p.Arg159GIn LP
1 HNFIA ¢970C>T p.GIn324Ter LP
1 HNFIA  ¢.1030_1031delGT p.Ser345fs LP
1 HNFIA ¢.1448A>G p.-His483Arg LP
1 HNF4A  ¢.582+1G>C LP
1 HNF4A  ¢.1-?7_1359+7? p.? P
2 HNF4A  ¢.335G>A p.Argl12Gln LP
1 HNF4A ¢.944T>C p.Leu315Pro LP
1 HNF4A ¢.923C>G p-Ser308Trp LP
1 MT-TL1 m.3243A>G P

PM1(2), PM2(2), PM5(3), PP2(4), PP3(4), PP5(4) 0
PM1(2), PM2(2), PP5(3), PP2(4), PP3(4) 0
PM1(2), PP5(2), PM2(4), PM5(3),PP2(4), PP3(4) 0
PM1(2), PM2(3), PP2(4), PP5(2) 0
PVSI1(1), PM2(2) 0
PM1(2), PM2(3), PP5(3), PP2(4), PP3(4) 0
PVS1(1), PM2(3), PP5(3) 0
PM1(2), PM2(3), PM5(3), PP2(4), PP3(4) 0
PM1(2), PM2(2), PM5(3), PP2(4), PP3(4) 0
PVSI1(1), PM2(3) 0
PM1(2), PM2(2), PM5(3), PP2(4), PP3(4), PP5(3) 0
PP5(1), PM1(2), PM2(2), PM5(3), PP2(4), PP3(4) 0
PM1(2), PM2(2), PP2(4), PP3(4) 0
PP5(1), PM1(2), PM2(4), PP2(4), PP3(4) 0
PM1(2), PM2(3), PP2(4), PP3(4) 0
PP5(1), PM1(2), PM2(4), PM5(3), PP2(4), PP3(4) 0
PM2(4), PM5(2), PP3(4), PM1(4) 0
PVS1(1), PM2(4) 0
PVS1(1), PM2(4) 0
PM2(4), PS4(3), PP3(4), PP4(3) 0
PVS1(1), PM2(4) 0

PVSI(1) NA
PM2(4), PM5(3), PP3(4), PP4(3), PS1(4) 0
PM1(3), PM2(4), PP3(4), PP4(3) 0

PM1(3), PM2(4), PP3(4), PP4(3)
PP5(1), PM2(3), PS4(1)

0.000008946
0 (homoplasmic)

ACMG American College of Medical Genetics and Genomics, P pathogenic, LP likely pathogenic, MAF minor allele frequency, NA not avail-

able

*Reference sequence—GCK: NM_000162.5; HNFI1A: NM_000545.8; HNF4A: NM_175914.4; MT-TL1: NC_012920.1
bReference sequence—GCK: NP_000153.1; HNF1A: NP_000536.6; HNF4A: NP_787110.2

“For European (non-Finnish) population

dACMG evidence—criteria based on reference [21] implemented in the Varsome software [22] (on the date 10th May 2022) for variants in the
GCK gene and in case of variants in the HNFIA and HNF4A genes based on specifications by Monogenic Diabetes Variant Curation Expert
Panel (https://www.clinicalgenome.org/affiliation/50016); (1) =very strong; (2) = strong; (3) =moderate, (4) =supporting

sequencing run. NGS analysers with lower capacity would
increase the speed of obtaining NGS data. The sooner the
correct diagnosis is established and treatment is optimized,
the better the clinical and metabolic outcomes [31, 32].
Therefore, although monogenic diabetes is not an acute
life-threatening condition, the speed of obtaining results
matters.

While the median costs of a single-step approach of
genetic testing (Group A) were significantly lower com-
pared to expenses for a two-step genetic procedure (Group
B), the average costs per person were higher for Group
A than Group B. This putative discrepancy was caused
by the fact that the financial costs of negative (620 USD
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for tNGS) and positive (620 USD for tNGS + 64 USD
for dideoxy sequencing confirmation) genetic findings in
Group A ranged within a narrow spectrum of values. On
the other hand, detection of (likely) pathogenic variants in
one of the prevalent MODY genes using dideoxy sequenc-
ing is relatively cheap (166 USD), while the costs of a
final negative finding (no causal variant found using single
gene testing: 166 USD and tNGS: 620 USD) are similar
to genetic investigation in Group A (786 USD). Although
financial expenses for genetic testing as well as the types
of coverage vary in different countries, we believe that
in general, these calculations and their conclusions could
also be applied to other laboratories.
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Table 3 Variants determined to be causal in participants with MODY from Group B
Num- Gene Nucleotide change® Protein change® ACMG ACMG evidence® gnomAD MAF!
ber of
probands
3 GCK  ¢98T>C p.Val33Ala p PM1(2), PM2(2), PM5(3), PP2(4), PP3(4), PP5(4) 0
6 GCK c.118G>A p-Glu40OLys P PM1(2), PM2(2), PP5(3), PP2(4), PP3(4) 0
2 GCK c.128G>A p-Arg43His P PM1(2), PP5(2), PM2(4), PM5(3),PP2(4), PP3(4) 0
1 GCK c322T>A p-Tyr108Asn P PM1(3), PM2(2), PM5(3), PP2(4), PP3(4) 0
1 GCK c.370G> A p-Aspl24Asn P PM1(2), PM2(3), PM5(3), PP2(4), PP3(4) 0.000008805
2 GCK c469G> A p-Glul57Lys P PM1(2), PM2(3), PP2(4), PP5(2) 0
1 GCK c.544G>A p-Vall82Met P PP5(2), PM1(2), PM2(2), PP2(4), PP3(4), PP5(4), 0
PM5(3)
GCK c.676G> A p.Val226Met P PP5(2), PM1(2), PM2(4), PM5(3), PP2(4), PP3(4) 0.00001759
1 GCK ¢.766G > C p.Glu256Gln P PM1(2), PM2(2), PM5(2), PP2(4), PP3(4) 0
1 GCK c.781G>A p.Gly261Arg P PP5(2), PS1(2), PM1(2), PM2(2), PM5(3), PP2(4), 0
PP3(4)
2 GCK c.790G> A p.Gly264Ser LP PM1(2), PM2(4), PP2(4), PP3(4), PP5(3) 0
1 GCK c.802G>T p.Glu268Ter P PVSI1(1), PM2(2) 0
1 GCK c.807C>G p.Phe269Leu  LP PM1(4), PM2(4), PP2(4), PP4(4), PS1(4) 0
1 GCK c.832G>C p-Asp278His  LP PM1(2), PM2(4), PP2(4), PP3(4), PS3(2) 0
1 GCK c.849C>A p.-Asn283Lys  LP PM1(4), PM2(4), PP2(4), PP3(4), PP4(3) 0
1 GCK c.881G>A p.Gly294Asn  LP PM1(2), PM2(4), PP2(4), PP3(4) 0
2 GCK c944T>A p.Leu315His  LP PM1(2), PM2(2), PM5(3), PP2(4), PP3(4), PP5(3) 0
1 GCK c.986C>A p.Ala329Asp  LP PM1(2), PM2(4), PP2(4), PP3(4) 0
1 GCK c.1129C> A p.Arg377Ser P PM1(2), PM2(2), PM5(2), PP2(4), PP3(4) 0
1 GCK c.1148C>T p-Ser383Leu P PP5(1), PM1(2), PM2(4), PP2(4), PP3(4) 0
1 GCK c.1163G>A p.Gly388Asp  LP PM1(2), PM2(4), PP2(4), PP3(4) 0
1 GCK c.1301G>A p.Cys434Tyr  LP PM1(2), PM2(3), PP2(4), PP3(4) 0
1 GCK c.1307 T>A p.Ile436Asn P PM1(2), PM2(2), PP2(4), PP3(4), PP5(4) 0
1 GCK ¢.1340_1368del p.Argd47fs P PVS1(1), PM2(2) 0
1 HNFIA ¢.391C>G p.Argl31Gly P PM1(3), PS3(2), PM2(4), PM5(2), PP3(4) 0
1 HNFIA ¢.814C>T p.Arg272Cys P PM1(3), PM2(4), PM5(2), PP3(4) 0
3 HNFIA  ¢.872dupC p.Gly292fs P PVS1(1), PM2(4), PS3(2) 0
1 HNFIA c¢.1139delT p.Val380fs LP PVS1(1), PM2(4) 0
1 HNF4A ¢.335G>A p.Argl12Gln  LP PM2(4), PM5(3), PP3(4), PP4(3), PS1(4) 0
2 HNF4A ¢334C>T pArgl12Trp  LP PM2(4), PM5(3), PP3(4), PP4(3), PS1(4) 0
1 KCNIJ11 c.137A>C p-His46Pro P PM5(3), PM1(2), PM2(2), PP2(4), PP3(4) 0

ACMG American College of Medical Genetics and Genomics, P pathogenic, LP likely pathogenic, MAF minor allele frequency
#Reference sequence—GCK: NM_000162.5; HNF1A: NM_000545.8; HNF4A: NM_175914.4; KCNJ11: NM_000525.4
PReference sequence—GCK: NP_000153.1; HNF1A: NP_000536.6; HNF4A: NP_787110.2; KCNJ11: NP_000516.3

“For European (non-Finnish) population

dACMG evidence—criteria based on reference [21] implemented in the Varsome software [22] (on the date 10th May 2022) for variants in the

GCK gene and in case of variants in the HNFIA and HNF4A genes

based on specifications by Monogenic Diabetes Variant Curation Expert

Panel (https://www.clinicalgenome.org/affiliation/50016); (1) =very strong; (2) =strong; (3) =moderate, (4) =supporting

Pitfalls of initial single-gene testing

Interestingly, tNGS revealed an overlooked causal variant
p.Vall82Met in the GCK gene originally analysed using
dideoxy sequencing in our study. A possible explanation
could be the presence of a single nucleotide variant under

one of the primers leading to amplification of only one
allele [33].

The initial single gene testing did not reveal the causal
variant in nine persons from Group B. While the overlooked
variant in the GCK gene has been discussed above, other
cases pointed out that the clinical presentation of persons
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could be overlapping among subtypes of MODY. For exam-
ple, one proband with GCK-MODY carrying p.Gly294Asp
was initially screened for the HNFIA gene because the oral
glucose tolerance test increment reached 5 mmol/L, which
is not in accordance with international recommendations for
GCK gene testing [34]. Moreover, when all relevant clinical
data are not available for correct assignment of the first gene
analysis or when a causal variant is present in one of the
very rare MODY genes, follow-up tNGS represents a good
strategy to establish a correct diagnosis.

Variants in rare genes related to monogenic
diabetes

Beyond (likely) pathogenic variants in the three most preva-
lent MODY genes, two additional DNA changes were classi-
fied as causative for diabetes in both groups. In one proband,
tNGS showed m.3243A > G in the gene for tRNAM in the
mitochondrial DNA, an altered variant present in 28% of
the sequence reads. Only diabetes was reported for this
proband (diagnosed at 33 years of age, HbAlc 58 mmol/
mol (7.5%), insulin treatment), as well as in her mother and
maternal grandmother. The prevalence of mtDM among the
genetically confirmed cases of monogenic diabetes was 1.2%
(1/82), which is significantly lower than that in recent studies
searching for syndromic monogenic diabetes among MODY
in the United Kingdom [7] or France [8].

In persons from Group B, a pathogenic variant c.137A>C
(p. His46Pro) in the KCNJI1 gene has been revealed. Het-
erozygous activating variants at the same nucleotide position
c.137A> G (p. His46Arg) and c.137A > T (p. His46Leu) as
well as the nearby variant ¢.136C > T (p. His46Tyr) has been
repeatedly observed in persons with permanent neonatal dia-
betes. In vitro functional studies demonstrated that p. His-
46Tyr significantly decreased the K-ATP channel sensitivity
to inhibition by MgATP and enhanced whole-cell KATP
currents [35]. The person from our study was diagnosed
with diabetes at the age of 38 years. His current HbAlc was
46 mmol/mol (6.4%) and he was treated with insulin. Mul-
tiple family members also displayed diabetes (not neonatal);
however, they were not available for genetic testing at the
time of the study. We speculate that the functional impact
of the histidine to proline substitution is milder than that of
other described variants or that this DNA change represents
a low-penetrance variant.

Summary

Taken together, the two-step genetic approach represented
a better strategy for the molecular genetic investigation
of MODY concerning time and financial expenses com-
pared to tNGS performance only. Although the first step

@ Springer

(a single-gene investigation) clarified the diabetes aetiology
in the majority of cases, tNGS could reveal rare causes of
monogenic diabetes and also expose possible limitations of
both standard genetic techniques and clinical evaluation.
This strategy could be successfully applied to other mono-
genic disorders with a well-defined clinical phenotype and
only a few dominant genetic causes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00592-022-01915-x.
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