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To the Editor: Maturity-onset diabetes of the young
(MODY) is characterized as a non-autoimmune form of
diabetes with an autosomal dominant inheritance pat-
tern. Due to the overlapping clinical phenotypes among
MODY, such as type 1 diabetes mellitus (T1DM) and type
2 diabetes mellitus (T2DM), over 80% of MODY patients
are initially misdiagnosed.!!! In recent decades, the advent
and development of next-generation sequencing technology
have facilitated a deeper understanding of MODY.
High-throughput sequencing has remarkably expanded
our knowledge of the pathogenic patterns of MODY
across diverse populations.!>3! Given that the prevalence
of MODY varies by ethnicity, clinical or research setting,
selection criteria for identifying cases, and sequencing
methods, the detection rate of causative genes differs
among various study populations.*! Since the majority
of previous studies on monogenic diabetes have primarily
focused on populations of European descent, particularly
in pediatric groups, a lack of comprehensive understand-
ing of the clinical and genetic architecture of MODY in
Chinese patients constrains the development of relevant
genetic services within the health care system. Therefore,
in this multi-center study, we aimed to identify novel
pathogenic variants in MODY genes in three cohorts from
three centers, and thereby obtain essential information for
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effective implementation of risk assessment, genetic coun-
seling, and personalized therapies for those with MODY
in China.

A total of 834 patients with early onset diabetes, includ-
ing three cohorts and two new pedigrees, were included
in this multi-center study [Supplementary Figure 1, http://
links.lww.com/CM9/C343]. With reference to previous
monogenic diabetes,!!! 23 genes related to MODY were
included [Supplementary Table 1, http:/links.lww.com/
CM09/C343]. The criteria for selecting participants,
high-throughput sequencing, genetic variation analysis,
and pathogenicity assessment, and Sanger sequencing can
be found in Supplementary Methods, http://links.Ilww.
com/CM9/C343. This study was approved by the Ethics
Committee of Shanghai Sixth People’s Hospital (No.
2022-KY-164 [K]).
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In cohort 1, 57 rare variants (minor allele frequency
[MAF] <0.1% in East Asians) of MODY genes were
detected in 56 patients (27.3%, 56/205), and no rare
variants were detected in the remaining 149 patients.
The clinical characteristics of patients with or without
MODY gene diabetes are summarized in Supplementary
Table 2, http:/links.lww.com/CM9/C343. According to the
American College of Medical Genetics and Genomics
(ACMG) guidelines, 24 rare variants were categorized
as pathogenic (P). Among them, patients P18 and P137
harbored the same pathogenic variant p.E227K in
KCNJ11. In addition, 13 variants were categorized
as likely pathogenic (LP), and 20 as variants of uncer-
tain  significance (VUS) [Supplementary Table 3,
http:/links.lww.com/CM9/C343]. These variants included
46 missenses, three nonsenses, three frames shift dele-
tion/insertion, four in-frame deletion/insertion, and one
splice site [Supplementary Figure 2, http:/links.lww.
com/CM9/C343]. According to the final variant classi-
fication, 25 P and 13 LP were identified in 56 patients,
and defined as “Positive cases (N = 38)”, achieving a
diagnostic rate of 18.5% (38/205) [Supplementary Fig-
ure 3A, http:/links.Iww.com/CM9/C343]. Additionally,
18 patients with VUS were defined as “VUS cases (N =
18)”, and the remaining 149 patients with no rare
variants were defined as “Negative cases (N = 149)”.
Moreover, seven patients had rare variants in two dif-
ferent MODY genes (KCNJ11 and FOXA2, HNF1A
and ABCCS, GCK and INS, HNF4A and RFX6, APPL1
and RFX6, NEUROD1 and BLK, ABCCS8 and ONE-
CUT1) [Supplementary Table 4, http:/links.lww.com/
CMO9/C343]. In terms of the number of rare variants
detected in this cohort, GCK had the most pathogenic
variants. Notably, RFX6 had the most abundant rare
variants among the potential MODY genes [Figure 1].
Information regarding the identification of rare variants
in cohort 1 is detailed in Supplementary Results, http://
links.lww.com/CM9/C343. We reanalyzed the rare variants
of REX6 in 205 patients after expanding the threshold
of MAF in East Asians (MAF <0.5%) in cohort 1,
and identified five different RFX6 variants, including
three-LP (p.H148R, p.G238E, and p.R752W) and two
VUS (p.Q296K and p.S906R). Besides, two rare variants
¢.2398G>A (p.G800R) and ¢.566+5G>A were identified
in two new pedigrees from Shanghai [Supplementary
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Table §, http://links.lww.com/CM9/C343]. Detailed clini-
cal information about these patients harboring RFX6 rare
variants is listed in Supplementary Table 6, http://links.
Iww.com/CM9/C343.

In cohort 2, the overall clinical characteristics of 70 patients
from Nanjing who underwent targeted sequencing are
shown in Supplementary Table 7, http:/links.lww.com/
CM9/C343. A total of 130 genes involved in monogenic
diabetes are listed in Supplementary Table 8, http://links.
lww.com/CM9/C343, and the detection rate of rare
variants in MODY genes (MAF <0.1% in East Asians)
was 24.3% (17/70). According to the ACMG guidelines,
10 rare variants were categorized as P, three as LP, and
six as VUS [Supplementary Figure 3B and Supplementary
Table 9, http://links.lww.com/CM9/C343]. Additionally,
10 P and two LP were identified in 17 patients based on
the final variant classification [Supplementary Table 9,
http://links.lww.com/CM9/C343], achieving a total diag-
nostic rate of 17.1% (12/70) [Supplementary Figure 3A,
http://links.lww.com/CM9/C343]. Besides, two patients
had rare variants in two different MODY genes (GCK
and APPL1, HNF1B and RFX6). Notably, we identified
three rare variants in RFX6: p.F495V and p.P660R
were classified as LP, and p.L533F was classified as VUS
[Supplementary Tables 5 and 9, http://links.lww.com/
CM9/C343]. Detailed clinical information about the
three patients harboring RFX6 rare variants is provided in
Supplementary Table 10, http:/links.lww.com/CM9/C343.

In cohort 3, the overall clinical characteristics of 557
patients from Beijing who underwent whole-exome
sequencing (WES) are shown in Supplementary Table 7,
http://links.lww.com/CM9/C343. Nine rare RFX6 variants
(p-Q106E, p.T263M, p.Q296K, p.I321T, p.P612S,
p-P660R, p.N768D, p.G815R, and p.D839N) were
identified, in which p.Q106E, p.I321T, and p.P660R
were classified as LP, and the remaining were classified as
VUS [Supplementary Table 5, http://links.lww.com/CM9/
C343]. These variants were further confirmed through
Sanger sequencing [Supplementary Figure 4, http://links.
Iww.com/CM9/C343]. Comprehensive clinical data of
patients harboring RFX6 rare variants are shown in
Supplementary Table 11, http:/links.lww.com/CM9/C343.
The identification of RFX6 variants in different cohorts
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Figure 1: The distribution of detected rare variants in cohort 1 is classified as Pathogenic, Likely pathogenic, and VUS. Cohort 1 consisted of 205 patients with young-onset diabetes.
According to the American College of Medical Genetics and Genomics guidelines, the detected rare variants for 14 common MODY genes and 8 candidate MODY genes were conducted

pathogenicity assessment. VUS: Variants of uncertain significance.
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is elucidated in Supplementary Results, http:/links.lww.
com/CM9/C343.

Furthermore, we conducted pedigree analysis on RFX6
variants in family P82, P136, P160, P120, S1, and S2
[Supplementary Figure SA, http:/links.lww.com/CM9/
C343]. Sanger sequencing validation is presented in Sup-
plementary Figure 6, http:/links.lww.com/CM9/C343.
We found that the proband, carrying a variant in RFX6
and another diabetes-related gene from each parent,
developed diabetes at an earlier age, probably due to the
combined effect of dual-genetic variants. We also mapped
the rare variants of RFX6 onto a protein structure pattern
diagram [Supplementary Figure 5B, http://links.lww.com/
CMO9/C343]. The conservatism of RFX6 variants were
shown in Supplementary Figure 7, http://links.lww.com/
CM9/C343. Detailed information of RFX6 varaints and
pedigree analysis for each family are provided in Supple-
mentary Results, http:/links.lww.com/CM9/C343.

A previous study with 36 European patients identified
that RFX6 heterozygous nonsense variants (p.[292X
and p.K351X) were associated with MODY with reduced
penetrance.’! This multi-center study of 834 individuals
with young-onset diabetes, from various hospitals, ena-
bled the identification of 17 novel rare variants of RFX6,
including 15 missenses and two splicings. The majority of
these variants are highly conserved evolutionarily, strongly
indicating the deleterious pathogenicity in MODY. To
advance molecular diagnostics for MODY, this multi-center
study systematically investigated the spectrum of RFX6
rare variants in the Chinese population with early-onset
diabetes. The high detection rate of RFX6 rare variants
in those with early onset diabetes is further evidence for
considering RFX6 as a candidate MODY gene, and for its
inclusion in routine molecular diagnosis of MODY.

The widespread application of high-throughput sequenc-
ing has greatly enhanced our comprehension of the
dual-gene pathogenicity. In our study, the detection rate of
dual-genetic variants was 3.4% (7/205) in the entire cohort
1,and 12.5% (7/56) among patients carrying rare MODY
gene variants within this cohort. Meanwhile, the detection
rate of dual-genetic variants was 2.9% (2/70) in the entire
cohort 2, and 11.8% (2/17) among the positive cases of
cohort 2. In addition to the dual-genetic variants of RFX6
and another diabetes-related gene, we collected samples
only from the probands for other dual-genetic variants,
which limited our ability to assess phenotype differences
or severity within their families. Due to limited sample sizes,
consistent phenotypes or patterns among dual-genetic
variant carriers could not be identified. Further research
on larger cohorts is warranted to elucidate the precise
pathogenic patterns of dual-genetic variants in MODY. We
speculate that individuals carrying dual-genetic variants
might display earlier onset or greater severity of diabetes
(such as an increased likelihood of complications) com-
pared to those with single gene variants.

In summary, these findings expand the known repertoire
of pathogenic variants in MODY genes, offering insights
into their prevalence among patients with young-onset
diabetes in various Chinese cohorts. The identification of
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novel pathogenic variants, particularly in RFX6, enhances
our understanding of the genetic basis of early onset
diabetes and lays the foundation for improved diagnos-
tic procedures, personalized treatment strategies, and
enhanced genetic counseling services. We look forward
to collaborating with other diabetes research centers in
China to enroll a more comprehensive and larger cohort
of early onset diabetes, which will provide deeper insights
into the pathogenic patterns of dual-genetic variants.
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