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Purpose: Monogenic diabetes is a specific type of diabetes in which precision medicine could be
applied. In this study, we used targeted panel sequencing to investigate pathogenic variants in
Korean patients with clinically suspected monogenic diabetes.

Methods: The eligibility criteria for inclusion were patients with nontype 1 diabetes with age at
onset #30 years and body mass index (BMI) #30 kg/m2. Among the 2090 patients with nontype 1
diabetes, 109 had suspected monogenic diabetes and underwent genetic testing. We analyzed 30
monogenic diabetes genes using targeted panel sequencing. The pathogenicity of the genetic
variants was evaluated according to the American College of Medical Genetics and Genomics and
Association for Molecular Pathology guidelines.

Results: Among the 109 patients with suspectedmonogenic diabetes, 23 patients (21.1%) harbored
pathogenic/likely pathogenic variants. A total of 14 pathogenic/likely pathogenic variants of
common maturity-onset diabetes of the young (MODY) genes were identified in GCK, HNF1A,
HNF4A, and HNF1B. Other pathogenic/likely pathogenic variants were identified in WFS1, INS,
ABCC8, and FOXP3. The mitochondrial DNA 3243A.G variant was identified in five participants.
Patients with pathogenic/likely pathogenic variants had a significantly higher MODY probability, a
lower BMI, and a lower C-peptide level than those without pathogenic/likely pathogenic variants
(P 5 0.007, P 5 0.001, and P 5 0.012, respectively).
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Conclusions: Using targeted panel sequencing followed by pathogenicity evaluation, we were able
to make molecular genetic diagnoses for 23 patients (21.1%) with suspected monogenic diabetes.
Lower BMI, higher MODY probability, and lower C-peptide level were characteristics of these
participants. (J Clin Endocrinol Metab 104: 4188–4198, 2019)

Diabetes truly comprises a heterogeneous group of
metabolic disorders that share hyperglycemia as a

common clinical characteristic. The relative contributions
of genetic and environmental risk factors vary by individual
and may determine optimal therapeutic strategies as well
as clinical outcomes for the patient (1). However, the
pathophysiological processes underlying diabetes are not
fully understood, and there are unmet needs for deter-
mining the core pathophysiological process disrupted in
each patient. Recently, precision medicine has been widely
discussed, and substantial effort has been directed toward
applying it in the field of diabetes, specifically regarding
incorporation of genetic information (2).

Advances in next-generation sequencing technology
have allowed us to investigate—at lower cost and with
improved efficiency—sequence variants that cause mono-
genic diabetes (3–5). Monogenic diabetes includes
maturity-onset diabetes of the young (MODY), neona-
tal diabetes, maternally inherited diabetes with deaf-
ness (MIDD), and genetic syndromes such as Wolfram
syndrome, Bardet-Biedl syndrome, and lipodystrophies.
Collectively, these diseases account for approximately
1% to 5% of all diabetes cases (6–8). Monogenic di-
abetes is a specific type of diabetes in which precision
medicine could be readily applied for accurate diagnosis,
individualized therapy, and prediction of clinical out-
comes (9). In addition, precision medicine can help
identify family members at risk and provide a basis for
genetic counseling.

Despite previous efforts in identifying and charac-
terizing monogenic diabetes, several areas require further
investigation. There are certain clinical criteria for using
genetic screening to diagnose MODY (10). However, not
all patients with monogenic diabetes fulfill these criteria,
and they are often undiagnosed or misdiagnosed as
having type 1 or type 2 diabetes (11–13). It is not known
which clinical criteria are sufficient for identifying pa-
tients who should undergo genetic testing. Most genetic
studies on monogenic diabetes were conducted in Europe.
The clinical characteristics of monogenic diabetes
and the spectrum of mutations require further in-
vestigation in other populations, including East Asians
(14, 15). An increasing number of genomic sequences
are being generated using either targeted panel, whole
exome, or genome sequencing. However, it is often
difficult to interpret the pathogenicity of the identified
genetic variant, especially when only the proband is

available for investigation. Recently, the American
College of Medical Genetics and Genomics and the
Association for Molecular Pathology (ACMG-AMP)
published standards and guidelines for interpreting
the pathogenicity of genetic variants (16). These guide-
lines are expected to improve the interpretation and
classification of genetic variants of monogenic di-
abetes (17).

In this study, we used targeted panel sequencing to
identify the genetic variants of 30 genes (including mi-
tochondrial DNA) in 109 Korean patients with sus-
pected monogenic diabetes from our cohort of 2090
patients with nontype 1 diabetes. The pathogenicity of
the identified variants was analyzed according to the
ACMG-AMP guidelines. In addition, the prevalence of
monogenic diabetes in Koreans was estimated, and the
clinical characteristics of these patients were analyzed.

Methods

Participants
This study was conducted as part of the ongoing Seoul

National University Hospital Diabetes Clinic cohort, which
was initiated in January 2001 and has enrolled 2689 patients
with diabetes. We first excluded those with type 1 diabetes,
defined as the presence of antiglutamic acid decarboxylase
antibody or a C-peptide level ,200 pmol/L or treated with
basal-bolus insulin therapy. Among the remaining 2090
participants with nontype 1 diabetes (18), we selected 109
with suspected monogenic diabetes according to the clinical
criteria of early-onset with an age at diagnosis #30 years
and a body mass index (BMI) #30 kg/m2 (Fig. 1). Clinical
information, including demographics, initial presentation,
family history and treatment history of diabetes, physical
examination results, and laboratory test results for the
109 participants, were obtained at the time of enrollment
(Table 1). The age at diagnosis was estimated by the patient’s
recall or review of the medical record. Five generally accepted
criteria were used for the clinical diagnosis of MODY: (i) age
at diagnosis ,25 years; (ii) autosomal dominant inheritance
across three generations; (iii) absence of insulin therapy
within 5 years of diagnosis; (iv) insulin level within the
normal range (plasma insulin $2.0 mIU/mL or plasma
C-peptide $0.6 ng/mL); and (v) not obese (BMI ,25 kg/m2)
(19). The MODY probability of each participant was cal-
culated using the MODY probability calculator, which in-
corporates clinical and biochemical information (20). Each
participant provided written informed consent, which in-
dicated whether he or she would receive the analysis results.
The Institutional Review Board of the Biomedical Research
Institute at Seoul National University Hospital approved the
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study protocol (IRB no. 1612-068-813). This study was
conducted according to the principles of the Declaration of
Helsinki (21).

Protocol for targeted panel sequencing
Clinical-grade targeted panel sequencing was performed

using genomic DNA extracted from peripheral blood leuko-
cytes. The sequencing experiments were performed at Macro-
gen, Inc. (Seoul, Republic of Korea). The custom-designed
capture probes included the exonic and untranslated regions of
30 genes (target region of approximately 93 kb) known to cause
monogenic diabetes (18). The probe was designed using Agilent
SureDesign (Agilent Technology, Santa Clara, CA) software
and was captured using the SureSelectXT Custom Kit (Agilent
Technology). Captured DNA fragments were paired-end se-
quenced with a clinical diagnostic purpose using the Illumina
HiSeq 2500 Sequencing System (Illumina, San Diego, CA)
according to the manufacturer’s instructions.

Variant calling and annotation
The sequenced reads were aligned to the human reference

genome (GRCh37) using the Burrows-Wheeler Aligner (v.0.7.15)
(22). Picard software (v.2.9.0) (http://broadinstitute.github.io/
picard/) and the Genome Analysis Toolkit (v.3.8) (23) were
used for the elimination of PCR duplicates, realignment around
insertions or deletions, and base recalibration. The Genome

Analysis Toolkit HaplotypeCaller (genomic
variant call format mode) was used for
calling variants, such as single nucleo-
tide variants, small insertions, and de-
letions. All variants were annotated using
ANNOVAR (24) and InterVar (25). Both
annotation tools integrate a number of
population databases such as the 1000
Genomes Project (26) and the Exome
Aggregation Consortium Project (27),
disease phenotype databases such as
ClinVar (28), and the National Center for
Biotechnology Information Reference Se-
quence Database. Further annotation was
achieved using the Human Gene Mutation
Database (HGMD) professional version
release 2018.1 (29). For copy number
variation (CNV) calling, the outlier-based
approach using reads per kilobase per
million mapped reads for each cap-
ture probe was used; these values were
calculated with Copy Number Inference
From Exome Reads software (30), includ-
ing only the reads with mapping quality
above 15.

Variant selection
We selected variants according to the

following procedures. First, variants in
highly repetitive sequences were removed
using the Repeat Masker program (http://
repeatmasker.org). Second, nonsilent vari-
ants (nonsynonymous, stop gain, stop loss,
start loss, frameshift, splice site variants)
were selected. Third, variants with a fre-

quency,1% in all population databases [Genome Aggregation
Database (27), 1000Genomes Project (26), ExomeAggregation
Consortium Project (27), and National Heart, Lung, and Blood
Institute Exome Sequencing Project (31)] were selected. In
addition, variants previously reported as being likely patho-
genic or pathogenic in ClinVar or as high-confidence disease-
causing mutations in HGMD were selected. A total of 80 rare
and nonsilent variants were selected for a further detailed
evaluation of pathogenicity according to the ACMG-AMP
guidelines.

Application of ACMG-AMP guidelines
ACMG-AMP standards and guidelines were used to eval-

uate the pathogenicity of the selected sequence variants (16). In
brief, the ACMG-AMP guideline classifies variants as patho-
genic, likely pathogenic, of uncertain significance, likely benign,
and benign according to the combination of 28 evidence at-
tributes for pathogenicity and benign impact (18). One very
strong (PVS1), four strong (PS1 to PS4), six moderate (PM1 to
PM6), and five supporting (PP1 to PP5) attributes served as
evidence of pathogenicity. As evidence of benign impact, one
stand-alone, four strong, and seven supporting attributes exist.
Two study investigators independently analyzed the pathoge-
nicity of each identified rare, nonsilent variant by strictly fol-
lowing the ACMG-AMP guidelines. InterVar software was
used to automatically determine eight of 16 pathogenic criteria

Figure 1. Flowchart of patients recruited for targeted panel sequencing of monogenic
diabetes. Patients with nontype 1 diabetes with an age at onset #30 y and a BMI #30 kg/
m2 were selected from the Seoul National University Hospital Diabetes Clinic cohort. A total
of 109 patients with suspected monogenic diabetes were selected for targeted panel
sequencing. GAD, glutamic acd decarboxylase.
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(PVS1, PS3, PM1, PM2, PM4, PM5, PP2, PP3) (25). PS1 was
coded positive when the same amino acid change was identified
as pathogenic (two or more gold star reviews) in ClinVar or
as high-confidence disease-causing mutations in the HGMD
database. When DNA samples were available for the family
members, Sanger sequencing results were used to determine PS2
and PP1. In the absence of familial sequencing data, PM6 was
coded positive only when there was no familial history of early-
onset diabetes and de novomutation was strongly suspected. In
the autosomal recessive disorder, PM3 was determined to be
positive when trans-mutations were identified in one gene. PP4
status was activated when subjects fulfilled more than three
clinical diagnostic criteria described previously or had specific
characteristics of monogenic diabetes, such as renal cysts in the
case of HNF1B.

Statistical analysis
The characteristics of patients with or without pathogenic/

likely pathogenic variants were compared. The Student t test
was used to compare continuous variables. For categorical
variables, the x2 test was used to analyze differences be-
tween two groups. Data are shown as the means 6 SD or N
(%). P , 0.05 was considered statistically significant.

Results

Characteristics of the study participants
The clinical characteristics of the study participants

are shown in Table 1. Among the 109 participants with
clinically suspected monogenic diabetes who met the
eligibility criteria, 50 (45.9%) were men, and the average
age at diagnosis was 20.2 6 7.1 years. There were 45
participants (41.3%) who were diagnosed with diabetes
before the age of 20 years. The average hemoglobin A1c
of study participants was 71.0 mmol/mol (8.6%). A total

of 78 participants (71.6%) were using oral antidiabetic
medications, and 62 (56.9%) were using insulin. The
average MODY probability, calculated using the MODY
probability calculator, was 54.5%. For 42 participants
(38.5%), there was a positive family history of diabetes in
three generations, and for 53 participants (48.6%), there
was a family history of diabetes in two generations. A total
of 97 participants (89.0%) fulfilled more than three
clinical diagnostic criteria of MODY, and 18 subjects
(16.5%) satisfied all five diagnostic criteria.

Variant classification and prevalence of
monogenic diabetes

The average depth of coverage for each gene and
percentages of the targeted region that covered more than
303 and 1003 are shown in an online repository (18).
The average depth of coverage for the entire target region
was 7303. More than 98% of bases covered more than
303 in most of the genes except for GATA4, CEL,
PTF1A, KCNJ11, andGATA6. No CNVs were detected
in the 30 selected genes in our cohort. A total of 80 rare,
nonsilent variants were identified in 22 genes and were
evaluated for pathogenicity according to the ACMG-
AMP guideline (18). There were nine variants (11.3%)
with discrepant interpretations between the two inves-
tigators after initial review, and the two investigators
reached a consensus after discussion (18). Among the 80
variants, one variant was identified as benign, 15 variants
were identified as likely benign, and 46 variants were
classified as having uncertain significance. A total of 14
likely pathogenic and four pathogenic variants were
identified (Table 2). In addition to the 80 nuclear DNA

Table 1. Clinical Characteristics of Study ParticipantsWith or Without Pathogenic/Likely Pathogenic Variants

Variables

With Pathogenic/Likely
Pathogenic Variants

(N 5 23)

Without Pathogenic/Likely
Pathogenic Variants

(N 5 86)
Total

(N 5 109) P

Male, N (%) 10 (43.5) 40 (46.5) 50 (45.9) 0.981
Age at diagnosis, y 18.9 6 7.7 20.6 6 7.0 20.2 6 7.1 0.301
SBP, mmHg 116.7 6 12.0 123.6 6 14.9 122.2 6 14.5 0.046
BMI, kg/m2 21.2 6 3.0 23.6 6 3.2 23.1 6 3.3 0.001
HbA1c, mmol/mol 65.0 6 22.0 72.6 6 25.4 71.0 6 24.8 0.194
HbA1c, % 8.1 6 2.0 8.8 6 2.3 8.6 6 2.3 0.194
C-peptide, ng/mL 1.7 6 1.2 2.7 6 2.5 2.5 6 2.3 0.012
Fasting glucose, mg/dL 145.4 6 62.8 179.0 6 84.3 171.9 6 81.1 0.078
Oral antidiabetics use, N (%) 16 (69.6) 62 (72.1) 78 (71.6) 1.000
Insulin use, N (%) 12 (52.2) 50 (58.1) 62 (56.9) 0.782
MODY probability, % 64.5 6 17.1 51.8 6 25.4 54.5 6 24.4 0.007
Number of MODY criteria fulfilled 0.054
2 5 (21.7) 7 (8.1%) 12 (11.0)
3 4 (17.4) 36 (41.9) 40 (36.7)
4 8 (34.8) 31 (36.0) 39 (35.8)
5 6 (26.1) 12 (14.0) 18 (16.5)

Data are shown as mean 6 SD or N (%). Boldface type denotes P , 0.05.

Abbreviations: HbA1c, hemoglobin A1c; SBP, systolic blood pressure.
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variants, a pathogenic variant in mitochondrial DNA,
3243A.G, was identified in five participants. Overall,
pathogenic/likely pathogenic variants were identified in
23 of 109 participants with suspected monogenic di-
abetes (21.1%; 95% CI: 14.5% to 29.7%) and consti-
tuted approximately 1.1% (95% CI: 0.7% to 1.7%) of
the 2090 participants with nontype 1 diabetes in the
Seoul National University Hospital Diabetes Clinic co-
hort. The pedigrees of these participants are shown in an
online repository (18).

Pathogenic variants of monogenic diabetes genes
Among four relatively common MODY genes (GCK,

HNF1A,HNF4A, andHNF1B), a total of 14 pathogenic/
likely pathogenic variants (12.8%) were identified in the
109 patients with suspected monogenic diabetes. GCK
MODY was most common (N 5 7; 50.0%), followed
by HNF1A MODY (N 5 3; 21.4%), HNF4A MODY
(N 5 3; 21.4%), and HNF1B MODY (N 5 1; 7.1%).
The pathogenic evidence attributes according to the
ACMG-AMP guidelines for these variants are shown in
Table 3. All pathogenic or likely pathogenic variants
were absent in the 1000 Genomes Project database.
Clinical characteristics of participants with pathogenic/
likely pathogenic variants are shown in Table 2. The
patient with an HNF1B pathogenic variant was con-
firmed to have multiple small cortical cysts in both
kidneys. Pathogenic or likely pathogenic variants were
identified in other rare monogenic diabetes genes, in-
cluding WFS1, INS, ABCC8, FOXP3, and mitochon-
drial MT-TL1. Although variants in WFS1 are usually
known to cause Wolfram syndrome in recessive mode of
inheritance, we considered one variant (p.Arg629Trp) to
be likely pathogenic on the basis of previously noted
studies, family history, and extremely low population
frequency (32, 33). Mitochondria variant m.3243A.G,
which is well known to be a causative mutation of
MIDD, was confirmed in five participants. Among five
patients with amitochondrial DNA 3243A.Gmutation,
all had positive maternal history of diabetes and two had
bilateral hearing loss.

Characteristics of patients with pathogenic/likely
pathogenic variants

The age at diabetes onset in subjects with pathogenic/
likely pathogenic variants was not significantly different
from that in subjects without pathogenic/likely patho-
genic variants. The average BMI of participants with
pathogenic/likely pathogenic variants was significantly
lower than that of participants without pathogenic/likely
pathogenic variants (21.2 6 3.0 vs 23.6 6 3.2 kg/m2;
P 5 0.001). None of the participants with pathogenic/
likely pathogenic variant had BMI $27.5 kg/m2. The

average MODY probability was also significantly higher
in participants with pathogenic/likely pathogenic vari-
ants (64.5% 6 17.1% vs 51.8% 6 25.4%; P 5 0.007).
The C-peptide levels of participants with pathogenic/
likely pathogenic variants were significantly lower than
those of participants without pathogenic/likely patho-
genic variants (1.76 1.2 vs 2.76 2.5 ng/mL; P5 0.012).
The number of clinical diagnostic criteria fulfilled was
not significantly different between the two groups (P 5
0.054).

Discussion

In this study, we selected 109 patients with clinically
suspected monogenic diabetes in our cohort of 2090
patients with nontype 1 diabetes and performed target-
ed panel sequencing. Among these participants, we
confirmed amolecular genetic diagnosis in 23 (21.1%). A
total of 80 rare, nonsilent nuclear DNA variants in 22
genes were identified. After stringent application of
the ACMG-AMP guidelines, we classified 14 variants to
be likely pathogenic and four variants to be pathogenic.
In addition, we identified five participants with a mito-
chondrial variant that resulted in MIDD. To the best of
our knowledge, this study is one of the first to system-
atically apply targeted panel sequencing and the guide-
lines of ACMG-AMP for genetic diagnosis of monogenic
diabetes in an East Asian population.

The molecular genetic diagnosis rate was 21.1% for
patients with clinically suspected monogenic diabetes
and 1.1% for participants with overall nontype 1 di-
abetes. This finding was similar to that of the largest and
most comprehensive study on monogenic diabetes,
conducted in the United Kingdom, that involved 2072
referred probands and showed a genetic diagnosis rate
of 27% (12). However, in a Chinese study, the preva-
lence rates ofHNF1AMODY andGCKMODY among
those with suspected MODY were only 9% and 1%,
respectively, (34). Similarly, the diagnosis rate was
12.6% for South Asians residing in the United King-
dom, which was lower than that of Europeans (35). This
discrepancy could be attributed to the inability of
clinical criteria to differentiate between MODY and
early-onset type 2 diabetes in Asians (35). The genetic
diagnosis rate could vary according to the clinical cri-
teria used to select patients for genetic testing (35). Both
the genes included in genetic testing and the sequencing
methods may also result in different diagnosis rates.
Although it has been suggested that ethnic differences
may exist in the prevalence of monogenic diabetes,
further investigation is required (36).

Among the patients with genetically confirmed MODY,
GCKMODY (50.0%) was the most common, followed
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byHNF1AMODY (21.4%) andHNF4MODY (21.4%).
Our results are similar to those of previous reports
showing that GCK MODY is one of the most commonly
identified MODY subtypes (8, 10). However, the fre-
quency of HNF1A MODY was lower and the frequency
of HNF4A MODY was higher than the frequencies in
Europeans (8, 10). This finding could be related to the
small number of patients with genetically confirmed
MODY in our study, and the clinical criteria for genetic
screening may have affected the frequency of eachMODY
subtype (37). Although we have systematically investi-
gated CNVs, targeted sequencing may have limited sen-
sitivity for detecting CNVs, and this could be an issue for
HNF1B MODY. The interpretation regarding WFS1
variants requires caution. Most Wolfram syndromes are
inherited recessively, and only a few cases of monoallelic
mutations are reported to cause diabetes (38). One of the
interesting findings of this study is the number of patients
with the m.3243A.G mutation resulting in MIDD.
Ethnic differences in the frequency of this variant have
been suggested. The prevalence of this variant was re-
ported to be 1% to 3% among Asian patients with di-
abetes and much lower in Europeans (39–41).

Clinical criteria to screen patients withMODY for genetic
testing are important. However, a universal clinical criterion
does not exist. Screening should be based on various clinical
characteristics, including family history, onset age, insulin
dependency, BMI, and extrapancreatic features. In addition,
there is no discrete threshold for the degree of family history,
age at diagnosis, or BMI. To be as inclusive as possible, we
used the broad criteria of patients with nontype 1 diabetes,
age at diagnosis #30 years, and BMI #30 kg/m2. None of
our participants with a pathogenic/likely pathogenic variant
had BMI$27.5 kg/m2. This suggests that in East Asians or at
least in our population, BMI $27.5 kg/m2 could be an
exclusion criterion for testing monogenic diabetes. Among
patients with clinically suspected monogenic diabetes,
subjects with pathogenic/likely pathogenic variants still
had a lower BMI and lower C-peptide levels than those
without these variants. This result is in accordance with
previous reports showing that individuals with genetically
confirmedMODYhave fewermetabolic features common
to type 2 diabetes (13).

One option for estimating the likelihood of finding a
pathogenic variant is to use the MODY probability cal-
culator, which takes eight clinical factors into account (20).
This indicator, developed with clinical information derived
mostly from Europeans, has not been validated in East
Asians. However, it was interesting to find that those
who had pathogenic/likely pathogenic variants had a sig-
nificantly elevated MODY probability. This result suggests
that the MODY probability calculator could be used as a
screening tool in this population. Nevertheless, further

validation and refinement are necessary to determine the
optimal cutoff values in non-European populations.

One of the strengths of this study is that we strictly
applied ACMG-AMP guidelines for the interpretation of
pathogenicity. We expected that applying the ACMG-
AMP guidelines would result in a more objective and
reproducible interpretation of variant pathogenicity. Two
investigators reviewed the evidence attributes for 80 rare,
nonsilent variants and made a consensus interpretation.
However, it should be acknowledged that the initial
discordance rate between the two investigators was
11.25%. In addition, as many as 46 variants were
classified as having uncertain significance. Another
strength of this study is that we screened participants
from a relatively large patient cohort and performed
targeted panel sequencing for 109 clinically selected
participants. The high-quality sequencing was intended
to cover more than 98% of the bases with more than
303 coverage for most genes.

Our study had certain limitations. First, the number of
participants who underwent sequencing was not large.
We may have missed participants with monogenic
diabetes who had an onset after 30 years of age, and
the overall prevalence may have been underestimated.
Nevertheless, the molecular genetic diagnosis rate in
individuals with an onset age .40 years was reported to
be only 0.6% (8). Second, we had limited access to
proband family members for genetic testing. Performing
genetic testing on family members is still a critical step in
confirming the diagnosis of monogenic diabetes. Third,
as many as 78% of patients with suspected monogenic
diabetes did not have a molecular genetic diagnosis. It is
unclear whether these participants had early-onset type 2
diabetes or a not yet identified monogenic cause of di-
abetes, such as MODYX.

In conclusion, using targeted panel sequencing, we
identified 23 patients (21.1%) among 109 participants
with a clinically suspected monogenic cause of diabetes.
GCK MODY was the most common MODY subtype,
and participants with a molecular genetic diagnosis had a
higher MODY probability, a lower BMI, and a lower
C-peptide level. Additional large-scale studies are needed
to confirm our findings and for a more detailed char-
acterization of monogenic diabetes in Korea. We hope
that our findings serve as a basis for precision medicine in
terms of the diagnosis and treatment of monogenic di-
abetes in this East Asian population.
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