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ABSTRACT
Introduction  The aim of this study was to perform familial 
co-segregation analysis and functional trial in vivo during 
mixed meal tolerance test (MMTT) of novel variants in 
diabetes candidate genes.
Research design and methods  It is a continuation 
of the project “Genetic diabetes in Lithuania” with the 
cohort of 1209 patients with diabetes. Prior screening for 
autoimmune markers confirmed type 1 diabetes (T1D) 
diagnosis in 88.1% (n=1065) of patients, and targeted 
next-generation sequencing identified 3.5% (n=42) 
pathogenic variants in MODY genes. Subsequently, 102 
patients were classified as having diabetes of unknown 
etiology. 12/102 were found to have novel variants in 
potential diabetes genes (RFX2, RREB1, SLC5A1 (3 
patients with variants in this gene), GCKR, MC4R, CASP10, 
TMPRSS6, HGFAC, DACH1, ZBED3). Co-segregation 
analysis and MMTT were carried out in order to study 
beta-cell function in subjects with specific variants.
Results  MMTT analysis showed that probands with 
variants in MC4R, CASP10, TMPRSS6, HGFAC, and SLC5A1 
(c.1415T>C) had sufficient residual beta-cell function with 
stimulated C-peptide (CP) >200 pmol/L. Seven individuals 
with variants in RFX2, RREB1, GCKR, DACH1, ZBED3 and 
SLC5A1 (c.1415T>C, and c.932A>T) presented with 
complete beta-cell failure. No statistical differences were 
found between patients with sufficient CP production and 
those with complete beta-cell failure when comparing 
age at the onset and duration of diabetes. Nineteen family 
members were included in co-segregation analysis; no 
diabetes cases were reported among them. Only in patient 
with the variant c.1894G>A in RFX2 gene, none of the 
family members were affected by proband’s variant.
Conclusions  Functional beta-cell study in vivo allowed to 
select five most probable genes for monogenic diabetes. 
Familial co-segregation analysis showed that novel variant 
in RFX2 gene could be a possible cause of diabetes. Future 
functional analysis in vitro is necessary to support or rule 
out the genetic background as a cause of diabetes.

INTRODUCTION
Since the discovery of the common causes of 
monogenic diabetes (MD), genetic diabetes 
research brought remarkable progress during 
the last three decades. To date, more than 40 
different genetic subtypes of MD have been 
identified, each having specific phenotype 

and pattern of inheritance.1 2 However, the 
wide usage of next-generation sequencing 
(NGS) delivered many novel variants in 
already known and potential diabetes genes.3

Positive autoimmune markers are the hall-
mark of type 1 diabetes (T1D) diagnosis. 
Glutamic acid decarboxylase autoantibodies 
(GADA), insulinoma-associated antigen 2 
autoantibodies (IA-2A), and insulin auto-
antibodies (IAA) are the most commonly 
used biomarkers to confirm T1D and rule 
out patients from unnecessary genetic 
testing.2 4 The implementation of zinc trans-
porter 8 (ZnT8) autoantibodies to clinical 
practice improved discrimination of T1D 
from other forms of diabetes due to high 
expression of ZnT8 in pancreatic beta cells.5

Despite advances in genetic testing and 
discovery of new biomarkers, up to 10% 
of patients remain in gray area with still 
unknown etiology of diabetes.6

The present study is a continuation of 
Lithuanian-Swiss project “Genetic Diabetes 
in Lithuania.” Data on study cohort are 
published previously7 8; briefly, the proj-
ect’s the cohort included 1209 patients with 
diabetes. Prior screening for autoimmune 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ To date, more than 40 genes are identified as caus-
ative for monogenic diabetes. However, despite of 
the increasing usage of genetic testing, up to 10% 
of cases remain with unknown etiology of diabetes.

WHAT THIS STUDY ADS
	⇒ Our study revealed novel variants in 10 diabetes 
candidate genes (RFX2, RREB1, SLC5A1, GCKR, 
MC4R, CASP10, TMPRSS6, HGFAC, DACH1, ZBED3).

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Future in vitro experiments are necessary to support 
or exclude these candidate genes as genetic cause 
of diabetes.
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markers confirmed T1D diagnosis in 88.1% (n=1065) of 
patients, and targeted next-generation sequencing iden-
tified 3.5% (n=42) pathogenic variants in known MODY 
genes, and 1% (n=12) of patients were found to have 
novel variants in potential diabetes genes.

The aim of this study was to perform familial co-segre-
gation analysis and functional pancreatic beta-cell studies 
in vivo during mixed meal tolerance test (MMTT) for 
patients with novel variants in potential diabetes genes 
in order to assess whether the specific variants may deter-
mine the clinical phenotype.

RESEARCH DESIGN AND METHODS
Study patients and design
The study recruited 102 young patients with unknown 
etiology diabetes (63.7% (n=65) children <18 years, 
36.3% adults 18–25 years); 53.9% (n=55) were males. 
The whole design of the project is presented in online 
supplemental figure 1.

Novel variants in potential diabetes genes
Genetic analysis was carried out using high-throughput 
sequencing of 307 genes related to diabetes, previously 
described in detail.7

In total, 12/102 (11.8%) were identified as having new 
likely pathogenic (class 4) variants, according to Amer-
ican College of Medical Genetics and Genomics guide-
lines.9 The variants were found in the following genes: 
DACH1, RREB1, ZBED3, and RFX2, which encode tran-
scription factors10–13; SLC5A1 encoding sodium-glucose 
cotransporter14; TMPRSS6 encoding a protein that is 
mainly involved in iron balance in the body15; CASP10 
encoding a protein of caspase family, which plays a key 
role in execution of cell apoptosis16; the product of 
GCKR gene inhibiting glucokinase in liver and pancre-
atic cells17; HGFAC encoding a hepatocyte growth factor 

activator18; MC4R encoding membrane-bound receptor 
and member of the melanocortin receptor family respon-
sible for metabolism and appetite.19

Recruitment of family members, their clinical assessment, 
and co-segregation analysis
Overall, 19 family members of 7 patients with novel 
variants were recruited into the study (2 patients were 
siblings); the remaining families did not agree to partic-
ipate in the study. All first-line relatives of seven patients 
were included, both parents and all siblings of each 
patient. Data for pedigree analysis, clinical information, 
and blood samples for lab analysis and DNA extraction 
were collected during the first appointment.

Clinical data about general health, medical history, 
physical examination including height, weight, body 
mass index (BMI), and blood pressure were evaluated 
for all family members. To assess beta-cell function and 
metabolism of carbohydrates, oral glucose tolerance test 
(OGTT) was performed and evaluated following ISPAD 
guidelines for children4 and ADA protocol for adults20; 
for the patient under 5 years of age, blood glucose (BG), 
fasting insulin, C-peptide (CP), and HbA1c were eval-
uated in the fasting state. HbA1c and autoimmunity 
status (GADA, IA-2A, IAA, ZnT8A) were evaluated for 
all members, following previously described laboratory 
assays.8 ZnT8A were measured by ELISA (BioVendor, 
Czech Republic) following manufacturer’s guidelines, 
and the value ≥15 U/mL was assigned as positive. The 
assay kit was able to detect and quantify all three isoforms 
(ZnT8R325, ZnT8W325, ZnT8Q325) of ZnT8 antibodies.

Variant confirmation
Putative pathogenic point variants identified by next-
generation sequencing (NGS) were confirmed by PCR 
and Sanger sequencing using forward (F) and reverse (R) 

Table 1  Description of primers for variant confirmation

Gene Exon Primer ID Sequence MIX

DACH1 1 DACH1-x1F CCGCTTCAGCTTGGTGTAGA KAPA2G-Robust

DACH1-x1R GTCCTCTGGGCCAACTCTGT

HGFAC 6 HGFAC-x6F CTGCTCCAATACCCAGGACC KAPA2G

HGFAC-x6R TGTCCCTTGTTTCTGGGTGA

RREB1 10 RREB1-x10F TCCATCCCCAAGAACTTCAG KAPA2G-Robust

RREB1-x10R CTGTCTGCAGAAACGGACTG

RFX2 15 RFX2-x15F TGCACGTCTTAGGATCACTCA KAPA2G

RFX2-x15R CCAAATCCTTCCCAGTGCTG

SLC5A1 9 SLC5A1-x9F GGAACTCCTGTCTGTCTGTGG KAPA2G-Robust

SLC5A1-x9R AAAGAGGAGGAAGCGGGAAG

SLC5A1 12 SLC5A1-X12F AGGTTGTTTATCCTGGTGCT KAPA2G

SLC5A1-X12R AGCCTTCCCTGACAGTTTCA

GCKR 17 GCKR-x17F ACAGTTGGTTTCCTGTCTGA KAPA2G

GCKR-x17R AAGCACACAGAAAAGGCAGC
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primers described in table 1. PCR was using mix KAPA2G 
or KAPA2G_robust reagent at manufacturer conditions 
(Sigma-Aldrich), and amplification cycles performed on 
Biometra TOne thermal cycler.

Sequencing was performed using BigDye terminator 
at manufacturer conditions (Thermo Fisher) and prod-
ucts analyzed with Abi 3500 genetic analyzer (Thermo 
Fisher). Sequencing data were then analyzed using Muta-
tion Surveyor (Softgenetics), using GenBank references.

Evaluation of beta-cell function of carriers of specific variants 
in vivo with MMTT
MMTT with nine time points (−10′, 0′, 15′, 30′, 60′, 90′, 
120′, 150′, 180′) was performed for all patients with novel 
variants, following standardized protocol, described 
previously.21 CP and BG levels were measured at all time 
points. Area under the curve of CP (AUCCP), the baseline 
(CPBase), peak (CPmax), and average (CPAve) levels of CP 
were analyzed, as well as the kinetics of BG levels. In the 
absence of published data about our novel variants and 
their potential effects on beta-cell function, stimulated 
CP level <200 pmol/L has been used as a threshold for 
complete beta-cell failure, as indicated by several authors 
previously.22–25

Statistical analysis
SPSS V.23.0 software package was used for statistical 
analysis. The median (min; max) values were used for 
representation of the data, unless indicated otherwise. 
The Mann-Whitney U test was used for comparisons of 
non-normally distributed data, and the χ2 test was used 
for categorical variables. P value <0.05 was considered as 
statistically significant, all tests were two-tailed.

RESULTS
Characteristics of the cohort
General characteristics of the cohort are presented in 
table 2.

Clinical data and beta-cell function analysis of probands with 
novel genetic variants
Twelve subjects were identified to have novel variants in 
potential diabetes genes, overall, 11 different variants 
in 10 candidate genes. Moreover, 83.3% (n=10) were 
males; the median age of the group was 199 months (82; 

Table 2  General characteristics of the cohort (n=102)

Characteristics Value

Age at diabetes Dx, months 92 (8; 292)

BG at diabetes Dx, mmol/L 16.8 (4; 39)

CP at diabetes Dx, pmol/L 350 (30; 4510)

Ketosis at diabetes Dx, % (n) 64.2 (61)

Diabetes in family history, % (n) 43.1 (44)

Age at analysis, months 192 (19; 315)

BMI Z-score at analysis 0.0 (−2.9; 2.6)

HbA1c at analysis, % mmol/mol 8.4 (4.8; 14.5)
68 (29; 135)

Treatment at investigation, % (n)

 � Insulin 89.2 (91)

 � None 10.8 (11)

Novel variants in potential diabetes genes, % (n) 11.8 (12)

Data presented as median (min; max), unless stated otherwise.
Dx, diagnosis; BG, blood glucose; CP, C-peptide; BMI, body mass index; 
HbA1c, glycosylated haemoglobin.

Table 3  Kinetics of C-peptide and blood glucose during MMTT in probands with novel variants

Affected gene

CP kinetics BG kinetics

AUC, 
pmol/L/180 min

CPBase, 
pmol/L

CPmax, 
pmol/L

CPAve, 
pmol/L

AUC,
mmol/L/180 min

BGBase, 
mmol/L

BGmax, 
mmol/L

BGAve, 
mmol/L

1. /RFX2 81 1 30 10.2 152 9.7 25.2 18.8

2. /RREB1 580 21 109 70.3 106 7.3 16.8 13

3. /SLC5A1 44 3 17 6 128 9.6 20.6 15.7

4. /GCKR 383 38 68 47.6 105 6.9 17.8 12.9

5. /MC4R 3702 287 585 451.3 94 7.8 14.1 11.5

6. /CASP10 2952 311 471 348.2 37 4.7 4.9 4.7

7. /TMPRSS6 1159 52 258 144.6 129 12 19.6 15.9

8. /HGFAC 4432 302 830 531.2 119 6.8 19.7 14.6

9. /DACH1 37 2 12 5 87 7 22.2 11.3

10. /SLC5A1* 4201 253 725 515.7 105 8.3 17.3 13.1

11. /ZBED3 42 1 14 5.8 113 8.2 18.8 14

12. /SLC5A1* 256 17 69 32.3 118 8.1 20.8 14.7

Probands with CPmax >200 pmol/L are in bold.
*The same DNA change in SLC5A1 gene, probands are siblings.
AUC, area under the curve; BG, blood glucose; BGAve, the average of blood glucose; BGBase, the baseline level of blood glucose; BGmax, the peak of 
blood glucose; CP, C-peptide; CPAve, the average of C-peptide; CPBase, the baseline level of C-peptide; CPmax, the peak of C-peptide; MMTT, mixed 
meal tolerance test.
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306). The median age at diabetes onset was 117 months 
(24; 214), 83.3% (n=10) presented with ketosis, and the 
median BG at the onset was 15.8 mmol/L (6.2; 32). At 
investigation, the median HbA1c was 8.1% ((5.8; 11.6) 65 
mmol/mol (39.9; 103.3)), BMI Z-score −0.98 (−1.7; 2.4). 
Eleven patients (91.7%) were treated with insulin, with 
the median dose 0.6 U/kg/day (0.2; 1.1); one patient 
had no pharmacological treatment. All probands were 
negative for GADA, IA-2A; 58.3% (n=7) were positive for 
IAA, identified after introduction of insulin injections; 
one patient was positive for ZnT8 autoantibodies, but 
had strong clinical suspicion of MD. Clinical and genetic 
data for each patient are provided in online supple-
mental table 1.

MMTT data analysis showed that five probands 
exceeded the threshold of stimulated CP (200 pmol/L) 
during MMTT: no. 5 with affected gene MC4R; no. 6, 
CASP10; no. 7, TMPRSS6; no. 8, HGFAC; and no. 10, 
SLC5A1. Data on kinetics of CP and BG during MMTT 
for each proband is presented in table 3. All CP and BG 
responses during MMTT are presented in figure 1. There 
were no statistical differences when comparing age at the 
onset and diabetes duration between patients with stimu-
lated CP >200 pmol/L versus patients with stimulated CP 
<200 pmol/L.

Co-Segregation and pedigree analysis
Nineteen members of six families (seven patients) were 
analyzed. Twelve of them were parents, seven siblings; 
there were no offspring of probands. Neither family 
member presented with clinical signs of diabetes or was 
found to have diabetes by OGTT or HbA1c. None of the 
family members were identified as positive for diabetes 
autoimmune markers. Father of proband no. 1 had 
impaired fasting glycemia 6.17 mmol/L. The sibling of 
proband no. 3 was positive for IAA with HbA1c 6.5% (48 
mmol/mol) and normal OGTT. The sibling of proband 
no. 9 with normal BMI had impaired glucose tolerance 
(IGT)—7.83 mmol/L. Co-segregation analysis revealed 
single proband (no. 1) with the novel variant in RFX2 
gene whose family members did not carry the variant. 
The pedigree of each family and glucose metabolism 
parameters are shown in figure 2.

DISCUSSION
The main strength of the whole project “Genetic Diabetes 
in Lithuania” is that it included the entire cohort of chil-
dren (n=860) with diabetes and in the majority of young 
diabetic adults (n=349) in Lithuania, and it reflects our 
approach to the search for genetic diabetes cases. During 
this project, 3.5% (n=42) of subjects were identified to 
have MD caused by pathogenic variants in already known 
MD genes.7 Even after testing for pancreatic beta-cell 
autoimmune markers, and performing comprehensive 
targeted NGS, in 8.4% (102/1209) of the total cohort 
precise diabetes etiology was not identified. As expected, 
high-throughput sequencing brought several novel vari-
ants (11/102) in potential diabetes genes, in agreement 
with other authors reporting candidate gene variants in 
up to 10% of sequenced cohorts.26–28 Genomic individ-
ualized medicine not only brings the accurate molec-
ular diagnosis and the most effective treatment plan for 
the patient but also delivers surveillance plan for family 
members; furthermore, it has proven cost-effectiveness 
for the healthcare system.29 Therefore, with this study, we 
also present our selection of potential genes for MD for 
further functional analysis in vitro.

A second strength of this study is that we chose CP 
measurements during MMTT rather than OGTT to 
assess beta-cell function, as MMTT is considered the 
gold model to evaluate endogenous insulin secretion, 

Figure 1  Response of C-peptide and blood glucose during 
MMTT in probands with novel variants. MMTT, mixed meal 
tolerance test. *The same DNA change in SLC5A1 gene, 
probands are siblings.
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although it requires time and effort.22–25 Thus, the func-
tional trial of beta cells in vivo during MMTT in our study 
showed that even after more than 2.5 years of diabetes 
duration, patients with novel variants in MC4R, CASP10, 
TMPRSS6, HGFAC, and SLC5A1 (one of brothers with 
c.1415T>C) still had sufficient residual pancreatic func-
tion, suggesting either slower beta-cell destruction or 
stable functional residual beta-cell mass. Furthermore, 
the rest of the subjects, who had variants in RFX2, RREB1, 
GCKR, DACH1, and ZBED3, also in SLC5A1, showed 
complete beta-cell failure and endogenous insulin defi-
ciency. We believe that hyperglycemia correction with 
fast-acting insulin 2 hours prior to MMTT in subject with 
DACH1 gene variant could influence glycemia levels until 
the 90th minute, considering C-peptide levels.

Considering that several previous studies have shown 
that serum CP, fasting or random, and urinary CP/creat-
inine ratio are highly sensitive and specific biomarkers 
for discriminating T1D and other forms of diabetes, 
especially monogenic,30–32 we believe that our results 

suggest that patients with sufficient endogenous insulin 
production may be eligible for treatment optimization 
in the future, given that our previous treatment optimi-
zation trial in patients with maturity-onset diabetes of 
the young (MODY) showed the threshold of stimulated 
CP ≥332.5 pmol/L for a successful treatment transition 
(from insulin injections to oral therapy).21

Additional strength of our study is familial co-segre-
gation analysis. This analysis linked the novel variants in 
candidate genes with diabetes phenotype. It revealed that 
the variant c.1894G>A in RFX2 gene could be a suitable 
candidate for functional analysis in vitro, as neither of 
healthy family members possessed the novel variant of the 
proband. Despite the positivity for ZnT8A, this proband 
was intentionally selected for NGS because of clinical 
suspicion of MD and data reported by other authors that 
up to 1–2% of patients with MODY are found to have 
positive autoimmune markers.33 Further genetic analysis 
revealed that the patient had a novel variant. RFX2 gene 
belongs to the regulatory factor binding to the X-box 

Figure 2  Co-segregation analysis of probands with novel variants. Circles indicate females, and squares indicate males. 
Black shapes indicate diabetic probands. Gray shapes indicate family members heterozygous for proband’s genetic variant. 
HbA1c, glycosylated hemoglobin; IAA, insulin autoantibodies; IFG, impaired fasting glycemia; IGT, impaired glucose tolerance; 
N, normal; OGTT, oral glucose tolerance test.
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(RFX) transcription factors’ family.13 This family also 
includes RFX6 gene, which is a known beta-cell transcrip-
tion factor and causes permanent neonatal diabetes, or 
MODY.2 3 Usually, pathogenic mutation in RFX6 presents 
with hypoplasia of pancreas and additional syndromic 
features, although none of them were reported in our 
patient. Moreover, the recent study in animal models 
showed that alterations in the expression of RFX2 gene 
may lead to increased susceptibility for autoimmune 
insulitis in beta cells.34 Taking into account all data, we 
believe that RFX2 could be a good candidate for func-
tional analysis in cell cultures.

The main limitation of this study was the drop-out of 
patients due to cumbersome and time-consuming inves-
tigations. Furthermore, COVID-19 pandemic prolonged 
the recruitment of study subjects for a couple of years. 
It is reported by several authors that the willingness to 
participate in clinical trials during COVID-19 pandemic 
decreased up to 10–20%; some were closed because of 
insufficient sample sizes.35 36 Nevertheless, further inves-
tigations of the remaining families of our cohort are to 
be implemented. An additional limitation of our study is 
that we have not yet been able to reclassify novel genetic 
variants; therefore, we need future functional experi-
ments of candidate genes in vitro.

In summary, functional beta-cell study in vivo allowed 
to select five most probable diabetes genes (MC4R, 
CASP10, TMPRSS6, HGFAC, SLC5A1) after proven endog-
enous insulin secretion during MMTT. Changes in RFX2 
gene may have either a causative or predisposing role in 
diabetes pathophysiology. Further research directions 
with functional analysis in cell cultures of these genes 
could support or rule out the genetic background as a 
reason of diabetes.
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