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Abstract

Context: Genes causing familial forms of diabetes mellitus are only partially known.
Objective: We set out to identify the genetic cause of hyperglycemia in multigenerational
families with an apparent autosomal dominant form of adult-onset diabetes not due to
mutations in known monogenic diabetes genes.

Methods: Existing whole-exome sequencing (WES) data were used to identify exonic
variants segregating with diabetes in 60 families from the United States and Italy.
Functional studies were carried out in vitro (transduced MING6-K8 cells) and in vivo
(Caenorhabditis elegans) to assess the diabetogenic potential of 2 variants in the malate
dehydrogenase 2 (MDH2) gene linked with hyperglycemia in 2 of the families.

Results: A very rare mutation (p.Arg52Cys) in MDHZ2 strongly segregated with
hyperglycemia in 1 family from the United States. An infrequent MDH2 missense variant
(p.Val160Met) also showed disease cosegregation in a family from ltaly, although with
reduced penetrance. In silico, both Arg52Cys and Val160Met were shown to affect MDH2
protein structure and function. In transfected HepG2 cells, both variants significantly
increased MDH2 enzymatic activity, thereby decreasing the NAD*/NADH ratio—a change
known to affect insulin signaling and secretion. Stable expression of human wild-type
MDH2 in MIN6-K8 cell lines enhanced glucose- and GLP-1-stimulated insulin secretion.
This effect was blunted by the Cysb2 or Met160 substitutions. Nematodes carrying
equivalent changes at the orthologous positions of the mdh-2 gene showed impaired
glucose-stimulated insulin secretion.

Conclusion: Our findings suggest a central role of MDHZ2 in human glucose homeostasis
and indicate that gain of function variants in this gene may be involved in the etiology of
familial forms of diabetes.

Key Words: autosomal dominant diabetes, monogenic diabetes, gene mutation, Krebs cycle, glucose homeostasis,
insulin secretion

Diabetes mellitus is a challenging global health problem, af-
fecting more than 450 million people worldwide (1). While
the vast majority of diabetic patients have polygenic type 1
diabetes (T1D) or type 2 diabetes (T2D), a small propor-
tion of patients have monogenic forms of diabetes caused
by single genetic defects (2). Among these latter forms,
some are well recognized, such as the extremely rare neo-
natal diabetes (ND). Another example is the more common
maturity onset diabetes of the young (MODY), which is
inherited in an autosomal dominant manner and mostly oc-
curs in nonobese young individuals, and for which several
causative genes have been thus far identified (3).

Recently, we reported that about 3% of adult patients
routinely diagnosed as having T2D are, in fact, members of
families with multigenerational autosomal dominant dia-
betes not due to mutations in known monogenic diabetes
genes (4, 5). We have shown that the clinical features of
such patients are somehow intermediate between those of

adult MODY patients and those of patients with typical
T2D (4). Dissecting the genetic architecture of diabetes in
these families is likely to provide insights into new mechan-
isms and pathways controlling glucose homeostasis and is,
therefore, of utmost importance. To this purpose, we have
been investigating 60 families (52 from the United States
and 8 from Italy) with multigenerational diabetes and an
apparent autosomal dominant inheritance, in which muta-
tions in the 6 most common MODY genes (US families) (6)
or in any of the known monogenic diabetes genes (Italian
families) (5) had been previously excluded. Whole-exome
sequencing (WES) had previously led to the identification
of loss of function mutations in the APPL1 and SLC19A2
genes segregating with hyperglycemia in 3 of these families
(6, 7).

In this study, we report 2 heterozygous pathogenic
gain of function variants in the MDH2 gene that segre-
gated with diabetes in a dominant fashion in 2 of the 60
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multigenerational families described above. We further
show that these 2 variants affect glucose-stimulated insulin
secretion in MIN6-K8 mouse insulinoma cell lines and pro-
vide suggestive evidence that the same sequence changes at
the orthologous mdh-2 affect glucose-induced insulin se-
cretion in genetically modified C. elegans animal models.

Materials and Methods
Patients and Clinical Evaluation

Family studies

This study concerned 60 families with a pattern of occur-
rence of T2D consistent with an autosomal dominant mode
of inheritance unlinked to mutations in known MODY
genes who were recruited at the Joslin Diabetes Center in
Boston, MA (N = 52) (8) and at the Scientific Institute Casa
Sollievo della Sofferenza in San Giovanni Rotondo, Italy
(N =8) (4).

Study protocols and informed consent procedures were
approved by the local institutional ethics committees in
the United States and in Italy, as appropriate; all partici-
pants gave written consent. The study was carried out in
accordance with the Declaration of Helsinki, as revised in
2000. Family members were classified as having diabetes,
prediabetes, or normal glucose tolerance based on the ADA
2014 criteria (9).

Case—control study

In total, 1144 patients with early-onset diabetes re-
cruited for suspicion of monogenic diabetes (age at diag-
nosis <40 years, HbAlc >6.5% or fasting plasma glucose
>7 mmol/L or drug therapy for hyperglycemia, no islet
cell autoantibodies) and 1376 controls without diabetes
(HbAlc <6.5% or fasting plasma glucose <7 mmol/L, no
drug therapy for hyperglycemia) were collected at Institut
Pasteur de Lille, Lille University Hospital, Lille, France and
gave written consent for genetic testing.

Genetic Analyses

For studies in the US and Italian families, WES and the fil-
tering/prioritization pipeline used to reduce the number
of variants for follow-up assessment were as previously
reported (6). In the present study, we re-analyzed those
same exome sequencing data according to the same bio-
informatic pipeline but avoiding any gene prioritization
by Genedistiller in the final step. Variants of interest were
validated and analyzed for segregation with diabetes in
the families using Sanger sequencing. Amplicons obtained
from genomic DNA samples by polymerase chain reaction
using gene-specific oligonucleotide primer pairs (avail-
able upon request) were subjected to direct sequencing

in both forward and reverse directions on an automated
AB 3130XL (Applied Biosystems, Foster City, CA) using
the ABI PrismBigDye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems). Results were analyzed with
GeneScreen software (10). Variants were considered to seg-
regate with diabetes if 280% of carriers >40 years old had
developed diabetes, and there were no phenocopies whose
phenotype was not consistent with either T1D or T2D.

In French patients, WES was performed according to the
manufacturers’ protocol using Agilent (SureSelect Human
All Exon), Twist (Human Core Exome), NimbleGen
(MedExome), or Roche (HyperExome). MDH2 was accur-
ately covered in each protocol.

Libraries were sequenced on Illumina systems
(NovaSeq6000, HiSeq4000 or HiSeq2500), using a paired-
end mode. A mean depth of coverage of at least 80x was
obtained for each individual.

The analysis was focused on MDH?2 variants that were
very rare (ie, having a minor allele frequency [MAF] below
0.001 in GnomAD), were covered with more than 30 reads,
and had a QUAL score higher than 200.

Studies in Human Islets

Islet isolation

Pancreata from 7 brain-dead nondiabetic (14.2%
females, 76.7 =+ 6.3 years, body mass index
[BMI] = 27.0 = 0.9 kg/m?) and 5 diabetic (40% females,
75.2 = 4.5 years, BMI = 27.8 = 1.3 kg/m?) donors were
investigated in a case—control study, and pancreata
from 18 additional nondiabetic brain-dead multiorgan
donors (44.4% females, age = 58.7 = 17.1 years,
BMI = 25.8 + 4.8 kg/m?*) were investigated in correla-
tive analyses. All samples were handled as previously
reported (11) after informed consent was obtained
in writing from family members. The islet isolation
center providing the material for this study had per-
mission to prepare isolated islets and use them for sci-
entific research if they were not suitable for clinical
islet transplantation, in agreement with national laws
and institutional ethics rules (Comitato Etico per la
Sperimentazione dell’Azienda Ospedaliera Universitaria
di Pisa). Pancreatic islets were prepared by collagenase
digestion and density gradient purification and cultured
in M-199 culture medium, as previously reported (12).

MDH?2 expression

Prime Time Standard qPCR Assays (Integrated DNA
Technologies, Coralville, lowa) were used to quantify rela-
tive gene expression levels of MDH2, GAPDH, 3 actin,
and 18S on ABI-PRISM 7500 (Applera Life Technologies,
Carlsbad, CA). Expression levels of MDH2 were calculated
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by using the comparative ACT method (13). MDH2
amounts were normalized for the geometric mean of
GAPDH, B actin, and 18S and expressed as fold change.

Insulin secretion

Insulin secretion was determined as previously detailed
(12). Briefly, following a 45-minute preincubation period
at 3.3 mM glucose, batches of 15 islets of comparable size
were kept at 37°C for 45 minutes in Krebs—Ringer bicar-
bonate (KRB) solution and 0.5% albumin, pH 7.4, con-
taining 3.3 mM glucose. At the end of this period, the
medium was completely removed and replaced with KRB
containing 16.7 mM glucose and 3.3 mM glucose. After
an additional 45 minutes of incubation, the medium was
removed and stored at -20°C until insulin concentra-
tions were measured by immunoradiometric assay (Pantec
Forniture Biomediche). Data are expressed as stimulation
index calculated by dividing stimulated insulin release at
glucose 16.7 mM over basal insulin release (at glucose
3.3 mM).

In Silico Studies of MDH2 Variants and Molecular
Dynamics Simulations

The possible deleterious effects of MDH2 Arg52Cys and
Val160Met substitutions were evaluated by means of a pre-
viously reported scoring algorithm based on several in silico
prediction tools (5). Atomic coordinates of human MDH2,
in complex with a molecule of D-malate, were obtained
from the Protein Data Bank (PDB id: 2dfd) and used for
molecular dynamics (MD) simulations as described (14). In
order to model both MDH,, . -and MDH2, .., the wild-
type MDH2 model was mutated in silico through UCSF
Chimera (15). All 3 models were embedded in boxes, ex-
tending up to 12 A, and solvated using the TIP3P water
model. The tleap tool was used to add counter ions and
thus neutralize the overall charge of the models. Each
model was first energy minimized and then equilibrated
for approximately 5 ns, in 1-fs time steps. MD simulations
were performed 3 times on the 3 equilibrated models for
200 ns in 2-fs time steps, corresponding to a total of 100
million steps. A 10-A cutoff was used for nonbonded short-
range interactions; long-range electrostatics were treated
with the particle-mesh Ewald method (16).

Temperature and pressure were maintained at 300 K
and 101.3 kPa, respectively, using the Langevin dynamics
and piston method (17). The Gromacs tools g_rms, g_rmsf,
g_hbond, do_dssp, and g_mmpbsa (18) were used to cal-
culate (1) root mean square deviation (RMSD), which
measures the average distance between all heavy atoms (in
this case Ca atomic coordinates) with respect to the X-ray
structure; (2) per-residue root mean square fluctuation,

measuring the deviation over time between the positions
of the Ca atomic coordinates of each residue with respect
to the X-ray structure; (3) hydrogen bonds; and (4) the dy-
namic cross-correlation maps (DCCMs), which allow one
to investigate the long-range interactions of atoms and
their correlated motions. Peaks, corresponding to the Cij
elements of the map, are indicative of strong to moderate
positive correlation (red to green), or of strong to moderate
anticorrelation (dark to light blue) between residues i and
j. Each of these was calculated for both wild-type and mu-
tant proteins.

Enzyme Activity and NAD*/NADH Ratio
Measurements in HepG2 Cells

Cloning and western blot analysis

A pLX304_MDH2 V5-tagged cDNA clone was obtained
from the PlasmID Repository service of the DNA Resource
Core at Harvard Medical School (Boston, MA). MDH2
cDNAs carrying the ¢.154C>T (p.Arg52Cys) or c¢.478G>A
(p.Val160Met) substitutions were generated by means of
the Quickchange Site-Directed Mutagenesis kit (Agilent),
according to manufacturer’s instructions. HepG2 (Human
Caucasian hepatocellular carcinoma) cells were obtained
from ECACC (Salisbury, UK) and maintained at 37°C and
5% CO, in Dulbecco’s modified Eagle’s medium/F12 con-
taining 10% fetal bovine serum (EuroClone S.p.A., Milano,
Italy). Before experiments, HepG2 cells were seeded in 6-well
plates and grown in Dulbecco’s modified Eagle’s medium/F12
complete medium for 48 hours. Cells were transiently trans-
fected with either MDH2  or MDH2_, _ or MDH2
c¢DNA using TransIT-LT1 Transfection Reagents (Mirus
Bio, Madison, WI) according to the manufacturer’s instruc-
tions. Anti-MDH2 (#18185, Abcam, RRID:AB_2893443;
http://antibodyregistry.org/AB_2893443) and antirabbit
(#sc-2004, Santa Cruz, RRID:AB_631746; http://
antibodyregistry.org/AB_631746) were used as primary and
secondary antibodies for the detection of MDH2 protein.
Anti-beta-actin (#sc-47778, Santa Cruz, RRID:AB_631736;
http://antibodyregistry.org/AB_631736) and antimouse (#sc-
2005, Santa Cruz, RRID:AB_631736) were used as primary
and secondary antibodies for the detection of beta-actin pro-
tein. Western blotting was performed as previously described
(19).

MDH2 enzymatic activity and NAD*/NADH ratio
measurements

MDH2 enzymatic activity and NAD*/NADH ratio
were evaluated by means of the Mitochondrial Malate
Dehydrogenase (MDH2) Activity Assay Kit (#ab119693,
Abcam) according to the manufacturer’s instructions.
MDH2 enzymatic activity was analyzed by longitudinal
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linear models after subtracting untransfected HepG2 cells
data from those obtained in HepG2_MDH2WT, and
HepG2_MDH252Cys cells and computed over 4 inde-
pendent experiments for each experimental condition.

The NAD*/NADH ratio was evaluated by NADY/
NADH Quantification Kit (#MAK037, SIGMA). Briefly,
after washing with cold phosphate-buffered saline, 3 x
10° cells were sonicated in 400 pL of extraction buffer
and centrifuged at 13 000g for 10 minutes. The extracted
supernatant was deproteinized by filtering through a
10 kDa cut-off spin filter and the NAD*/NADH ratio
quantified at 450 nm, according to manufacturer’s instruc-
tion. Differences in NAD*/NADH ratio between HepG2_
MDH2WT and HepG2_MDH252Cys were evaluated by
Student’s t test.

Glucose-stimulated Insulin Secretion in Stably
Transfected MIN6-K8 Cells

Cell culture

The mouse insulinoma cell line MIN6-K8 was kindly pro-
vided by Prof. J. Miyazaki, Osaka University (20). Cells
were maintained in Dulbecco’s Modified Eagle’s Medium
(#D5648, Sigma) containing 4 mM L-glutamine, and
25 mM glucose, supplemented with 10% fetal bovine
serum (HyClone), 50 uM beta-mercaptoethanol (#M3148,
Sigma), and 0.1 mg/mL streptomycin, 100 U/mL penicillin
(#30-002-CI, Corning), at 37°C with 5% CO, humidified
condition.

Lentiviral construction and transduction
Lentiviral particles for delivering MDH2,, MDH2, . ,and
MDH2, ... were generated following the protocol from
the TRC Library Database, Broad Institute. A 3-plasmid
combination (9 pg of pLX304, 9 pg of dR8.91, and
0.9 g of VSV-G) was cotransfected into 3.8 x 10° 293T
cells seeded on a 10-cm dish by using Lipofectamine™
2000 (#11668027, Invitrogen). The supernatant was col-
lected at 24 and 48 hours after transfection. After filtra-
tion, viral particles in supernatants were concentrated by
using ultracentrifugation and transduced into MIN6-K8
cells. Transduced cells underwent selection for 14 days in

the presence of 3 pg/mL Blasticidin (# A1113903, Gibco).

Determination of glucose-stimulated insulin release

MING6-K8  cells stably expressing either MDH2_,
MDH2,. ,or MDH2 , at80% confluence were washed
twice with KRB buffer (129 mmol/L NaCl, 4.8 mmol/L
KCl, 2.5 mmol/L CaCl,, 1.2 mmol/L MgSO,, 1.2 mmol/L
KH,PO,, 5 mmol/L. NaHCO,, 10 mmol/L. Hepes, and
0.1% bovine serum albumin) and preincubated for 2 hours
in KRB buffer with 2.8 mM glucose. After discarding the

pre-incubation buffer, cells were incubated in KRB buffer
with 2.8 mM glucose for 1 hour, followed by KRB buffer with
16.7 mM glucose, with or without 50 nM GLP1 (#G32635,
Sigma) for 1 hour. Insulin levels in supernatant were deter-
mined by means of the ultrasensitive mouse insulin ELISA
kit (#90080, Crystal Chem, RRID:AB_2783626; http:/
antibodyregistry.org/AB_2783626) and adjusted for milli-
gram protein of cell lysate.

Western blotting analysis

Cells cultured under standard conditions were lysed in
RIPA buffer (Thermo Scientific) with protease inhibitor
cocktail (#4693159001, Roche). Protein concentrations
were determined by bicinchoninic acid protein assays
(#89901, Thermo Scientific). Twenty micrograms of pro-
tein were separated onto sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred to
a nitrocellulose membrane (#10600002, GE Healthcare).
Immunostaining was performed using rabbit anti-MDH2
(1:10000, #ab181873, Abcam, RRID:AB_2893443) and
rabbit anti-o/f tubulin (1:1000, #2148, Cell Signaling,
RRID:AB_2288042; http://antibodyregistry.org/AB_
2288042) as primary antibodies and polyclonal swine
antirabbit immunoglobulins conjugated with horseradish
peroxidase (1:1000, #P0217, Agilent, RRID:AB_2728719;
http://antibodyregistry.org/AB_2728719)  as
antibody. Immunostaining signal was visualized using the
ECL™ Prime Western Blotting System (#RPN2232, GE
Healthcare). Band intensities were analyzed by densitometry

secondary

using Image] software.

Caenorhabditis elegans Studies

Strains and culture

In order to explore the functional impact of the human
MDH2 mutation on insulin secretion in vivo, we used the
nematode Caenorbabditis elegans as an experimental model
given that (1) this organism has a gene (mdh-2) orthologous
to human MDH?2; (2) insulin signaling is highly conserved
between nematodes and humans (21); (3) C. elegans has al-
ready been successfully used to model T2D and other meta-
bolic diseases (22, 23). The Bristol N2 and the GR1455
[mgls40(daf-28p::GFP)| strains were obtained from the
Caenorbabditis Genetics Center (University of Minnesota,
MN). Culture, maintenance, and genetic crosses were as de-
scribed (24).

Lines carrying the mdh-2 His56Cys and Vall64Met al-
leles (namely cer10[H56C] and cer18/V164M], homologs
of the human Arg52Cys and Vall60Met alleles, respect-
ively) were generated by CRISPR-Cas9 genome editing,
as previously reported (25). Briefly, 20 wild-type ani-
mals were injected with a mix containing 500 ng/uL Cas9
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(Labomics S.A.), 350 ng/uL. ALT-R CRISPR tracrRNA
(IDT), 170 ng/uL dpy-10 crRNA, 25 ng/uL ssODN dpy-10,
350 ng/uL mdh-2 crRNA (5-TGACGACGTCGTAGAGG
GCGAGG-3’), and 100 ng/uL of the mdh-2(cer10[H56C])-
ssODN  (5-GAATTGGACAGCCATTGGGTCTCCTTC
TCAAGCAGGATCCACTTGTTGCTTGTCTGGCACT
GTATGATGTCGTCAATACTCCAGGAGTTGCCGCC
GATCTTTCGCACA-3") or the mdh-2(cer18[V164M])-
ssODN  (5"-TCAATTCTACTGTCCCAATCGCTTCCGA
GGTCCTTAAAAAAGCCGGAATGTACGATCCAAAA
CGTGTCTTCGGAGTGACA-3’). Worms were then re-
covered on normal growth medium (NGM) plates at 20°C.
Animals with a roller (rol) or a dumpy (dpy) phenotype
were isolated, as well as pools of 5 wild-type worms from
those plates. To isolate mutant animals, polymerase chain
reaction amplification was performed using a single for-
ward primer (5-TCTCTTCCAGCAAAGACCCT-3" mdh-
2(cer10[HS56C]) or 5-CCGGAGTTCCACGTAAACCA-3’
mdh-2(cer18[V164M])) and 2 reverse primers annealing
specifically with the mutated (5'-GACATCATACAGTGC
CAGACAAG-3" mdh-2(cer10[H56C]) or 5-TTGGATC
GTACATTCCGGCT-3" mdh-2(cer18[V164M])) or the wild-
type sequence (5-AACGATTCCTGCGTTGGT-3" mdh-
2(cer10[H56C]) or 5-TTGGGTCATAGACACCAGCC-3’
mdh-2(cer18[V164M])).

Two strains carrying the His56Cys substitution were
generated: CER206 mdh-2(cer10)IIl and CER208 mdbh-
2(cer10)III. Two strains carrying the Vall64Met substi-
tution were also generated: CER230 mdhb-2(cer18)II and
CER231 mdh-2(cer18)III. All strains were out-crossed
twice to remove possible off-target mutations. Strains
sharing the same genotype exhibited an equivalent
phenotype.

Assessment of “bagging”

Nematodes were cultured at 20°C. At the L4 stage, ani-
mals were transferred to agar plates containing NGM with
112 mM D-glucose added. Adults were moved to fresh
NGM plates every 2 days to prevent progeny contamin-
ation. Occurrence of egg retention in the uterus and in-
ternal hatching (Bag-of-worms phenotype) was scored for
10 days using a Leica MZ10F dissecting microscope.

DAF-28/insulin expression/secretion

mdh-2(cer10[H56C]) and mdh-2(cer18[V164M]) mutant
nematodes were crossed with animals expressing green
fluorescent protein (GFP) under control of the daf-28 pro-
moter (mgls40(daf-28p::GFP)) as previously reported (24,
26). After each cross, the genotype was confirmed by direct
sequencing of the appropriate genomic region. GFP ex-
pression was scored in adult animals belonging to 2 dif-
ferent clones and grown at 20°C with or without 30 mM

D-glucose using a Nikon Eclipse 80i instrument equipped
with differential interference contrast. Mean fluorescence
intensity was measured by using the NIH Image] software.

Statistical Analyses

Data as obtained from at least 3 independent experiments
performed in duplicate were expressed as means = SD and
analyzed using the paired Student t test, Fisher exact test, or
longitudinal linear models, as appropriate. Survival curves
were assessed by Kaplan—Meier analysis. Correlations were
evaluated by Pearson’s correlation. All statistical analyses
were performed using SAS Software, Release 9.4 (SAS
Institute, Cary, NC, USA). Two-sided P values < .05 were
considered to be statistically significant.

Results
WES and Sequence Analysis

By re-analyzing existing WES data from 52 families
from the United States (6), employing a bioinformatic
approach that did not prioritize genes based on their
functions, we identified 972 possibly deleterious vari-
ants that were very rare (MAF <0.00001) or absent
from public databases. Of these, 135 variants in 126
genes showed evidence of segregation with hypergly-
cemia in these families (data not shown). No pathogenic
or likely pathogenic variants, as classified according to
American College of Medical Genetics and Genomics
and the Association for Molecular Pathology guidelines
for variant interpretation (27), were found in estab-
lished MODY genes that had not been included in the
original screening.

Focusing on variants in genes with a possible involve-
ment in glucose metabolism, we identified a missense
variant (c.154C>T; p.Arg52Cys) in the malate dehydro-
genase 2 gene (MDH2, NM_005918.2) showing strong
evidence of segregation with hyperglycemia in 1 of the
families (Fig. 1A). This is a very rare variant, observed in
gnomAD v3.1.1. (http://gnomad.broadinstitute.org) in 1
out of 152 116 chromosomes and not observed in non-
Finnish Europeans.

The structure and clinical features of the family are
shown in Fig. 1B and Table 1. The age at onset of diabetes
or prediabetes ranged from 2 to 58 years, with a median of
40 years. The 52Cys allele segregated with hyperglycemia,
with 7 of the 8 affected family members available for gen-
etic testing carrying the mutation and a deceased affected
family member imputed to do so (Fig. 1B).

The only affected individual (IV-3) who did not carry
the mutation had prediabetes and a much higher BMI than
affected carriers (Table 1), consistent with a phenocopy
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of typical T2D secondary to obesity. The Arg52Cys sub-
stitution was found in only 1 (IV-1) of the 5 normogly-
cemic members available for genetic testing, a 16-year-old
boy who was probably still at risk of developing diabetes
given the median age of diagnosis of the family (Fig. 1B).

MDHZ2Variants in Additional Families

Looking for variants in MDH2 in the remaining families
from the United States and in 8 additional families from
Italy, for which WES data were also available, we found

A B

€.154C>T, p.Arg52Cys

a second missense variant (c.478G>A; p.Val160Met) in 1
of the Italian families (Fig. 1C). Although this variant was
observed in the general gnomAD database v.3.1.1 (MAF of
0.0003 in non-Finnish Europeans), it was absent from the
“controls” dataset (N = 16 465 individuals). Based on this
observation and the fact that no other variants identified
by WES segregated with diabetes in this family (data not
shown), the cosegregation of this variant with diabetes was
also checked in the family.

The structure and clinical features of this family are
shown in Fig. 1D and Table 1. The age at diagnosis of
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Figure 1. MDH2 variants identified in 2 study families and individual carrier status. (A) Chromatogram of the MDH2 variant identified in 1 family from
United States. (B) Pedigree of the family and MDH2 p.Arg52Cys individual carrier status. (C) Chromatogram of the MDHZ2 variant identified in 1 Italian
family. (D) Pedigree of the Italian family and MDH2 p.Val160Met individual carrier status. Round and square symbols denote females and males, re-
spectively. Filled and open symbols denote diabetic and nondiabetic subjects, respectively; half-filled symbols denote individuals with prediabetes
(according to ADA 2014). Arrow points to proband. NM denotes presence of heterozygous MDH2 variant; NN denotes absence of such variant. The
age at examination is reported for each individual under the corresponding symbol; the age at diagnosis is reported for diabetic or prediabetic indi-

viduals under the age at examination.
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abnormal glucose homeostasis in the Italian family was
similar to that in the US family (range and median of 34-45
and 39 years, respectively). Of the 15 members who were
available for genetic testing, all 4 affected and 6 of the 11
nonaffected individuals were carriers of the Vall60Met
variant (Fig. 1D). Five of the 6 nonaffected carriers were
younger than 34 years—the youngest age at diabetes diag-
nosis among affected members, raising the hypothesis of
age-dependent penetrance of Val160Met (ie, penetrance be-
coming complete only at older age).

Contribution of MDHZ2 Rare Variants to Early-
onset Diabetes

By focusing on MDH2 from WES data available for 2520
French individuals including 1144 patients with early-onset
diabetes and 1376 normoglycemic controls, rare variants
(ie, with MAF <0.001) in this gene showed a tendency to
be enriched in patients with early-onset diabetes compared
with nondiabetic subjects (5/1144 vs 1/1376, respectively;
OR 6.03, P = .10).

MDH2 Expression and Correlation with Glucose-
stimulated Insulin Release in Human lIslets

According to the Genotype-Tissue Expression (GTEx, https:/
www.gtexportal.orgshome/) database, MDH2 is expressed in sev-
eral human tissues, including those playing central roles in glucose
metabolism, such as skeletal muscle, liver, adipose tissue, endocrine
pancreas, and brain. Therefore, we sought to explore the relation-
ship between MDH2 mRNA levels and glucose-stimulated in-
sulin release in human islets. To this end, MDH2 expression levels
were measured in human islets from 7 nondiabetic and 5 diabetic
brain-dead multi-organ donors. Compared with nondiabetic
donors, MDH2 expression and glucose-stimulated insulin se-
cretion, expressed as stimulation index, were both significantly
lower in diabetic subjects than in the nondiabetic counterparts
(P =.0006, Fig. 2A and P = .006, Fig. 2B, respectively). To further
address the physiological role of MDH2 in insulin secretion in hu-
mans, the correlation between MDH2 expression levels and in-
sulin stimulation index was assessed in an additional sample of 18
nondiabetic donors, in order to eliminate the possible confounding
effect of hyperglycemia. In these samples, MDH2 expression
was positively correlated with glucose-stimulated insulin release
(*=0.65,P = 5.3 x 107, Fig. 2C), thereby suggesting that MDH2
plays a critical role in insulin secretion.

In Silico Studies of MDH2 Variants and Dynamic
Properties of the Mutant MDH2 Proteins

MDH?2 encodes a mitochondrial enzyme that, by using
the NAD*/NADH cofactor system, catalyzes the reversible

oxidation of malate to oxaloacetate in the Krebs cycle (28)
(also known as the tricarboxylic acid cycle, TCA). Together
with glycolysis, the TCA plays a central role in the complete
glucose breakdown and electron storage in NADH and is
also involved in the malate-aspartate NADH shuttle (28).
MDH?2 acts as a homodimer, with each monomer con-
taining a NAD-binding domain in the amino-terminal half,
where Arg52Cys and Val160Met substitutions are located,
and a malate-binding domain in the carboxy-terminal
half (Fig. 3A). When evaluated by means of a previously
reported scoring algorithm based on 13 in silico predic-
tion tools (5), both substitutions were ranked as highly
pathogenic, with estimated “pathogenicity scores” of 9/13
for Arg52Cys and 10/13 for Val160Met. To further inves-
tigate their possible functional impact, MD simulations
were carried out. Conformational changes were assessed
in terms of RMSD of all heavy atoms’ average distance.
Compared with the wild-type protein (MDH2 ), both
mutants (MDH2,. = and MDH2, . )
RMSD values throtigh most of the simulation (Fig. 3B).
Also, both mutated proteins showed altered flexibility in

showed higher

region spanning 213 to 235 amino acids, which includes
part of the D-malate binding site (Fig. 3C). DCCMs also
showed significant differences, with the anticorrelation
movement of residues 17-55 vs residues 155-180 observed
in MDH2, being partially or entirely lost in MDH2
and MDH2, .,

poral pattern of hydrogen bonds established and destroyed

160Met

respectively (Fig. 3D). Finally, the tem-

during the simulation was quite different when comparing
MDH2,,_or MDH2, . to MDH2,, (Fig. 3E) and this
was paralieled by higher binding energy levels in the 2 mu-
tated proteins for almost the entire simulation (Fig. 3F).
Taken together, all these in silico analyses suggested that
both Arg52Cys and Val160Met substitution affects the
MDH?2 protein structure and function and motivated fur-

ther experimental investigations.

MDH2 Enzymatic Activity and NAD+/NADH Ratio
in HepG2 Transfected Cells

To experimentally verify the functional impact of the
His52Cys and Vall60Met variants, HepG2 human liver
cells were transiently transfected with cDNAs coding for
wild-type MDH2 (HepG2_MDH2, ), MDH2_, (HepG2_
MDH2,, ) or MDH2,  (HepG2_MDH2,,, ). MDH2
expression levels were not different across the 3 transfected
cell lines (Fig. 4A). MDH2 enzymatic activity, as measured
by quantifying the oxidation of malate to oxaloacetate,
was markedly (approximately doubled) and significantly
increased in cell lysates from HepG2_MDH2
pared with those of untransfected cells (P < .0001, data
not shown). Such activity was significantly higher in both

com-
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Figure 2. Human islets studies. (A) MDH2 mRNA expression level (calculated by using the AACT method) in islets from pancreata of nondiabetic
and diabetic donors (*P = 0.0006, as assessed by Student’s t test). (B) Insulin stimulation index in nondiabetic and diabetic donors (*P = 0.006, as
assessed by Student’s t test). (C) Relationship between stimulation index and MDH2 expression as evaluated by Pearson’s correlation (r2 = 0.65,
P=5.3x10® and P=3.6 x 10, unadjusted and after adjusting for age and gender, respectively). Measurements showed in (A) and (B) were carried
out on pancreatic islets prepared from pancreata of 7 nondiabetic and 5 diabetic brain-dead multiorgan donors while those showed in (C) were car-

ried out on pancreatic islets prepared from pancreata of an additional 18 nondiabetic donors. Glucose-induced insulin secretion was measured and
then expressed as stimulation index calculated by dividing insulin release after glucose stimulation at 16.7 mmol/L over basal insulin release (ie, at

glucose 3.3 mmol/L).

loonee  than in

cells throughout the entire 30-minute

HepG2_MDH2,. =~ and HepG2_MDH2
HepG2_MDH2,,,
experiment (~26% of increase for both variants, P < .001,
Fig. 4B). In addition, consistent with an increased MDH2
enzymatic activity of both mutants, HepG2_MDH2_,
and HepG2_MDH2, = cells had lower NAD*/NADH
ratios than HepG2_MDH2 = cells, although statistical
significance was reached only for the 52Cys mutant (Fig.
4C). Overall, these studies in HepG2 cells suggest that both
MDH?2 Arg52Cys and Val160Met are gain-of-function al-
terations increasing MDH2 activity and causing ox-redox
changes that have been shown to affect insulin signaling
(29, 30) and secretion (31-33).

Impact of Wild-type and Mutant MDH2 on
Glucose-stimulated Insulin Secretion

To verify the functional impact of the His52Cys and
Val160Met variants on insulin secretion, mouse insulinoma
MING6-K8 cell lines were transduced with lentiviral con-
wT? MDHZSZCYS’ or
MDH2 protein expression levels were not dif-

structs to stably express human MDH2
MDHZlGUMet'
ferent across the 3 different cell lines (Fig. 5A). Compared
with nontransduced cells, glucose-stimulated insulin secre-
tion was 3-fold higher in cells expressing MDH2  (Fig.
5B), thus reinforcing the hypothesis suggested by cor-
relative data in human islets that MDH2 plays a positive
role on glucose-stimulated insulin secretion. In contrast, a
less pronounced increase was observed in cells expressing

MDH2,,. or MDH2, (Fig. 5B) to the point that the
difference vs nontransduced cells was no longer significant
for MDH2 520y
for glucose plus 50 nM GLP-1-stimulated insulin secretion

. Similar or even larger effects were observed

(Fig. 5B). When these data were expressed as fold increase
relative to nontransduced cells, insulin secretion was sig-
nificantly reduced in cells expressing either MDH2 or

52Cys
MDH2, ., compared with MDH2 . cells (Fig. 5B, inset).

Impact of the Human MDH2 Alterations on
Insulin Secretion in Genetically modified
Caenorhabditis elegans

The C. elegans’ ortholog of human MDH2 (mdh-2) en-
codes a mitochondrial malate dehydrogenase displaying
60% of sequence identity and 76% of conservation with
the human protein (Fig. 6A). The C. elegans genome en-
codes several insulin-like peptides (34). One of them,
DAF-28, as mammalian insulin, is secreted and regulates
metabolic homeostasis (26). Accordingly, its secretion is
sensitive to nutritional status, being up- and downregulated
by feeding and starvation, respectively (26). Similar to what
is observed in mammals, an intact mitochondrial function
is required to couple nutrient signals to DAF-28/insulin se-
cretion (35). Since glucose-responsive pathways are con-
served in this animal model (36), we first explored the effect
of glucose on DAF-28/insulin secretion in wild-type worms
and then evaluated the possible impact of both the mdh-2
variants in isogenic animals. To this end, strains carrying

GZ0Z BuUNf Z| UO Josn ewoy - ejues Ip aioladng ojns| e2a10liaig Ad GE9Y L ¥9/899/€/.0 L /3I01E/Wad(/W0o"dNo"olWapeo.//:sdjy Woly papeojumoq



678 The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. 107, No. 3

MDH2

160val

1
1
YR &

/ ™R o a 00
Arg52Cys 10

=50 S w0 10 w0 %0 300 S w0 mo 20 mo 30

Vall160Met

04

MDH2

160Mat

6 T

Number

RMSD (nm)

50000 lov05 15405 ¥ 50000 fa05 105 150+05 -5

q Time (ps) Time (ps) T Time (ps)

1
0 50 100 150 200
Time (ns)

0.8 T T T T T

35 0
£
£ <
£ 5 |
L & A
c
= 5
4 2 of
5 |
£
m -8
10 s . . .
0 50000 1e+0.5 15e+0.5 2e+05
Residue Time (ns)

Figure 3. MDH2 structure and Molecular dynamics simulations. (A) Malate dehydrogenase catalyzes the reversible oxidation of malate (in green)
to oxaloacetate, utilizing the NAD*/NADH cofactor system (NAD*/NADH in magenta) in the citric acid cycle. MDH2 protein exists as a dimer. Each
subunit contains 2 structurally and functionally distinct domains. The first is the NAD-binding domain, located in the amino-terminal half of each
molecule, and contains a parallel-sheet structure, otherwise known as a Rosman fold motif. The core dinucleotide binding structure is composed of
4 beta-sheets and 1 alpha-helix. The other domain is a carboxy-terminal domain containing the substrate binding site and amino acids necessary
for catalysis. Arg52Cys and Val160Met amino acid changes are highlighted in blue and in red, respectively. (B) Instantaneous root mean square de-
viation (RMSD) of all heavy atoms. MDH2,; (in black), MDH2,,. _ (in blue), and MDH2, ... (in red). (C) Per-residue root mean square fluctuation as
evaluated in MDH2,,, (in black), MDH2,,. _(in blue), and MDH2, ., (in red). (D) Dynamic cross correlation maps (DCCMs) as evaluated in MDH2, ,
MDHZSZCys’ and MDH2, . (D) Peaks, corresponding to the Cij elements of the map, are indicative of strong to moderate positive correlation (red
to brown), or of strong to moderate anti-correlation (violet to light gray) between the residues i and j of MDH2. (E) Hydrogen bonds as evaluated in
MDH2,; (in black), MDH2,,. _ (in blue), and MDH2 (in red). (F) Binding energy between MDH2 and D-malate as a function of time. MDH2, . (in
black), MDH2 (in blue), and MDH2 (in red).
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Figure 4. MDH2 expression and enzymatic activity rate and NAD*/
NADH ratio in HepG2 transfected cells. HepG2 cells were transiently
transfected or not with V5-tagged MDH2, . or MDH2,, plasmids. After
48 hrs, cells were lysed to evaluate MDH2 expression, MDH2 enzym-
atic activity and NAD*/NADH ratio. (A) Equal amount of protein from
cell lysates was separated by SDS-PAGE and analyzed by western blot
with anti-B-actin (upper blot) and anti-MDH2 (lower blot) antibodies.
Representative immunoblot is shown. A clear band of apparent mo-
lecular mass of 35 Kd, corresponding to the endogenous MDH2, was
detectable in all cell lines. An additional band, of apparent molecular
weight of 38 Kd, corresponding to the transfected MDH2, was visible
in HepG2_MDH2,,,, HepG2_ MDH252C\/5' and HepG2_MDH2 . . (B)
MDH2 enzymatic activity was evaluated every 20 seconds for 30 min-
utes in 100 pg/mL of cell lysates. HepG2-subtracted enzymatic activity
over time from HepG2_MDH2 . (black line), HepG2_ MDH252Cys (blue
line) and HepG2_MDH2, .. (red line) cell lysates. Data are from 4 in-
dependent experiments performed in duplicate. *P < .001 as assessed
by longitudinal linear model. (C) NAD*/NADH ratio on HepG2_MDH2,
(black bar), HepG2_ MDH2,,. . (blue bar), and HepG2_MDH2,.,  (red
bar) cell lysates. Data are from 4 independent experiments performed
in duplicate and expressed as percentage of NAD*/NADH ratio on
HepG2 untransfected cells (means + SD). *P < .05 as assessed by paired
Student’s t test.

the mdh-2 mutant alleles as generated by CRISPR-Cas9,
namely mdh-2(cer10[H56C]) and mdh-2(cer18[V164M])
(hereinafter mdh-ZS6Cys and mdh-2, .
crossed with wild-type animals expressing a fluorescent re-
porter for the insulin-like peptide DAF-28 (pdaf-28::GFP),
and baseline and glucose-stimulated insulin secretion were

respectively), were

then investigated. As expected, in wild-type worms under
baseline conditions, DAF-28 was expressed in ASI, AS]J,
and PQR neurons, and the hind gut, and was secreted into
the pseudocoelomic fluid, where it was internalized by
coelomocytes (26) (Fig. 6B). Interestingly, in these animals,
DAF-28 secretion was significantly increased after glucose
stimulation (Fig. 6C). By contrast, compared with controls,
both mdh-2 and mdh-2

56Cys 164Met
increase in baseline DAF-28 secretion, along with a blunted

animals showed a striking

ability to further increase this in response to glucose stimu-
lation (Fig. 6C). Accordingly, delta DAF-28 fluorescence
(glucose stimulated minus baseline) was significantly lower
in mutants than in control animals (P < .001). These find-
ings closely resemble the phenotype of patients with T2D,
who at diagnosis show normal or increased fasting insulin
levels along with a marked reduction in glucose-stimulated
insulin secretion (37). In addition, mdh-2 mutant animals
also exhibited a higher prevalence of glucose-induced egg
retention with internal hatching events (Bag-of-worms
phenotype) (38, 39) compared with controls (Fig. 6D), thus
suggesting glucose accumulation in the former.

Discussion

The present study is part of our ongoing effort to under-
stand the as yet unknown genetic causes of diabetes in
multigenerational families with autosomal dominant forms
of adult diabetes not due to mutations in known mono-
genic diabetes genes (4, 5, 40). Here we report 2 hetero-
Zygous missense variants—a very rare missense mutation
(p.Arg52Cys) and an infrequent missense substitution
(p.Val160Met)—in the gene coding for MDH2. Both vari-
ants behave as gain-of-function alterations segregating
with hyperglycemia in 2 different pedigrees and affecting
insulin secretion, thereby pointing to MDH2 as a possible
new disease gene. Interestingly, the median age at diagnosis
in affected members from both families was approximately
40 years, thus supporting the concept that such forms of
familial diabetes might be intermediate forms of hyper-
glycemia between MODY and T2D (4, 5). In agreement
with this observation, one-third of affected individuals in
both families were overweight—an uncommon condition
in MODY patients but an almost ineludible feature of pa-
tients with T2D.

Several lines of evidence from in silico analyses, in vitro
studies with human and mouse cells, and in vivo experi-
ments with genetically modified worms, provide robust
support for a pathogenic role of the MDH2 Arg52Cys
variant in dysregulating glucose homeostasis and insulin
secretion. Firstly, in depth in silico analyses and simula-
tions clearly suggested that the Arg52Cys substitution af-
fects MDH2 protein structure and function. Secondly, the
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Figure 5. Glucose-stimulated insulin secretion in MIN6-K8 stably transfected cell lines. MIN6-K8 mouse insulinoma cells were transduced with
lentiviral particles to stably express human MDH2, ., MDH252Cys’ or MDH2, ... Data are from 4 independent experiments. Means differences were
assessed by Student’s t test. (A) A representative immunoblot is shown. Equal amount of protein from cell lysates was separated by SDS-PAGE and
analyzed by western blot with antitubulin (upper blot) and anti-MDH2 (lower blot) antibodies. A clear band of apparent molecular mass of 35 Kd,
corresponding to the endogenous MDH2 (mMDH2), was detectable in all cell lines. An additional band, of apparent molecular weight of 38 Kd, cor-
responding to the transduced human MDH2 (hMDH2), was visible in MIN6-K8_MDH2, ., _MDH2,,. ., and _MDH2,,,, . (B) Glucose-stimulated insulin
secretion (GSIS) was assessed under 2.8 and 16.7 mM glucose and 16.7 mM glucose plus 50 nM GLP-1. Bars show means + SE; NS, not statistically
significant; * P < .05 compared with nontransduced cells (NTCs). Inset shows insulin content expressed as fold increase with respect to NTCs ("P<.01
and *P < .05 compared with MIN6-K8_MDH2, ). Bars show means + SD.

amino acid change behaved as a gain-of-function alteration
in transfected human liver cells, significantly increasing
MDH?2 enzymatic activity. In agreement with these find-
ings, a decreased NAD*/NADH ratio—a redox change
known to be deleterious for both insulin signaling and se-
cretion—was observed in cell lines carrying this mutation.
Thirdly, data obtained in mouse insulinoma MIN6-K8 cells
clearly showed that stable expression of the MDH2 mu-
tations cause a blunted glucose- and glucose plus GLP-1-
stimulated insulin secretion. Finally, C. elegans carrying
the Arg52Cys mutation at the orthologous positions of the
nematode gene showed a blunted glucose-stimulated in-
sulin secretion similar to that observed in MIN6-K8 cells
stably expressing the human MDH2 mutants. All these ob-
servations strongly support a role of the Arg52Cys variant
as a disease-causing mutation in the family in which it was
identified.

Similar evidence was obtained for the Vall60Met
substitution found in the Italian family. However, some

caution is needed in interpreting the role of this variant
given the weaker in vitro and in vivo functional impact,
the incomplete and age-dependent penetrance, and the
less rare allelic frequency, pointing to Vall60Met as a
“hypomorphic mutation,” for which combination with
other genetic or environmental factors is necessary to
cause overt diabetes in this family. Of note, hypomorphic
variants have already been reported in some MODY genes
as being responsible for reduced and age-dependent pene-
trance in a family context (41-43), in conjunction with a
unexpectedly high frequency in public variant databases
(41, 43).

Finallyy, MDH?2 rare variants (ie, with MAF < 0.001)
showed a tendency to be enriched in patients with early-
onset diabetes compared with nondiabetic subjects, fur-
ther supporting a role of MDH2 gene in affecting glucose
homeostasis. Of note, rare variants in genes responsible for
different monogenic forms of diabetes (namely ND and
MODY) have also been associated (singly or collectively)
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with an increased risk of common T2D (44-48) or early
onset diabetes (49, 50).

Altogether, these preliminary findings, although to be
confirmed in larger family collections, are consistent with
the hypothesis of an MDH2 role in glucose homeostasis.
However, despite all these pieces of evidence, the intimate
mechanism linking the MDH2 gain-of-function mutations
to hyperglycemia remains unclear. MDH2 expression was
positively correlated with insulin secretion in islets from
nondiabetic individuals, and was decreased in islets from
patients with T2D. Also, stable expression of human wild-
type MDH2 in MING6 cells increased insulin secretion. In
light of these observations, the fact that gain-of-function
MDH2 mutations have diabetogenic effects may seem
counterintuitive. One possibility is that the constitutive
hyperactivity of the malate-aspartate shuttle, and the re-
sulting chronic stimulation of insulin secretion triggered
by the MDH2 gain-of-function mutation causes {3 cell de-
sensitization and defective insulin secretion as it happens
after prolonged f cell stimulation by pharmacological (eg,
sulfonylureas) or physiological (eg, nutrients) secretagogues
(51). Another possibility is that the reduction in the NAD*/
NADH ratio resulting from the gain-of-function MDH2
mutation and the resulting MDH2 overactivity, when it ex-
ceeds a certain level, offsets the beneficial effects on insulin
secretion caused by the activation of the malate-aspartate
shuttle. The NAD*/NADH ratio is a key regulator of the
cell’s redox state (52) and energy metabolism, which is es-
pecially relevant to pancreatic f§ cells where glycolysis and
oxidative phosphorylation serve as the coupling mechan-
isms between blood glucose and insulin secretion (53-55).
Thus, a NAD*/NADH reduction, as that attributable to the
MDH2 gain-of-function alterations, has the potential to
affect insulin secretion (56) and has been repeatedly im-
plicated in the etiology of diabetes (57). It is also possible
that the combination of these 2 effects of MDH2 hyper-
activity, namely chronic stimulation of insulin secretion in
the presence of a reduced mitochondrial NAD*/NADH, is
especially deleterious for -cell physiology.

Of note, biallelic MDH2 loss-of-function mutations
have been recently reported to cause an autosomal recessive
form of early-onset severe encephalopathy. No alterations
of glucose homeostasis have been reported in affected cases
(58). Whether this is due to the existence of compensatory
mechanisms for MDH2 deficiency in f cells, or to the fact

Figure 6: continued

that the metabolic abnormalities caused by loss-of-function
mutations are subtle and difficult to detect in the early years
of life, remains to be established.

In summary, we have identified heterozygous missense,
gain-of-function variants in the MDH2 gene showing evi-
dence of cosegregation with hyperglycemia in families with
autosomal dominant diabetes. The data concerning the
effect of these alterations in cell lines and C. elegans point to
MDH?2 as a potential key node in the regulation of glucose
homeostasis. Further genetic and mechanistic studies are
warranted to confirm MDH2 as a diabetogene, to under-
stand the precise mechanisms through which MDH2 mu-
tations cause diabetes, and to determine whether MDH2
could be a viable target for the development of new treat-
ments of hyperglycemia.
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