CLINICAL RESEARCH ARTICLE

Monogenic Diabetes Accounts for 6.3% of Cases
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Context: An etiologic diagnosis of diabetes can affect the therapeutic strategy and prognosis of
chronic complications.

Obijective: The aim of the present study was to establish the relative percentage of different di-
abetes subtypes in patients attending Italian pediatric diabetes centers and the influence of an
etiologic diagnosis on therapy.

Design, Setting, and Patients: This was a retrospective study. The clinical records of 3781 consecutive
patients (age, 0 to 18 years) referred to 15 pediatric diabetes clinics with a diagnosis of diabetes or
impaired fasting glucose from January 1, 2007 to December 31, 2012 were examined. The clinical
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characteristics of the patients at their first referral to the centers, type 1 diabetes-related
autoantibodies, molecular genetics records, and C-peptide measurements, if requested for the
etiologic diagnosis, were acquired.

Main Outcome Measures: The primary outcome was to assess the percentage of each diabetes
subtype in our sample.

Results: Type 1 diabetes represented the main cause (92.4%) of diabetes in this group of patients,
followed by monogenic diabetes, which accounted for 6.3% of cases [maturity onset diabetes of the
young (MODY), 5.5%; neonatal diabetes mellitus, 0.6%, genetic syndromes, 0.2%]. A genetic di-
agnosis prompted the transfer from insulin to sulphonylureas in 12 patients bearing mutations in
the HNF1A or KCNJ11 genes. Type 2 diabetes was diagnosed in 1% of the patients.

Conclusions: Monogenic diabetes is highly prevalent in patients referred to Italian pediatric di-
abetes centers. A genetic diagnosis guided the therapeutic decisions, allowed the formulation of a
prognosis regarding chronic diabetic complications for a relevant number of patients (i.e., GCK/
MODY), and helped to provide genetic counseling. (J Clin Endocrinol Metab 102: 1826-1834, 2017)

ype 1 diabetes (T1D) is the most prevalent cause of

diabetes in the youth in North America and Europe
(1). In contrast, in other continents and countries (e.g.,
China), a much lower annual incidence has been re-
ported. However, the relative percentage in the Western
world of other forms of diabetes in children and ado-
lescents, such as type 2 diabetes and monogenic diabetes,
seems to vary greatly (2-5); this might be because of a
number of reasons, including errors in clinical diagnosis
(6). The identification of the exact etiologic cause of
diabetes is important, because it can direct therapeutic
decisions and influence genetic counseling (7).

The aim of the present study was to assess the prevalence
of the different etiologies of diabetes mellitus in a large group
of patients aged <18 years at diagnosis and referred to
tertiary diabetes centers representative of peninsular Italy.
Our data have shown that monogenic diabetes is the second
prevailing cause of diabetes after T1D in Italian youth and
that the correct etiologic diagnosis greatly affects the
treatment and likely the prognosis of diabetic complica-
tions (8-11).

Methods

Data were collected from 3781 patients consecutively diagnosed
with diabetes or impaired fasting glucose (IFG) during a 6-year
period from January 1, 2007 to December 31, 2012. All the patients
were aged <18 years at the diagnosis of diabetes or IFG. The patients
had attended the pediatric diabetes clinics of 15 Italian centers based
in Ancona, Bologna, Chieti, Florence, Genoa, Messina, Milan,
Modena, Naples (two centers), Rome, San Giovanni Rotondo,
Trento, Turin, and Verona. These centers are scattered throughout
Italy from northernmost part (Trento) to southernmost region of
Sicily (Messina). For all patients, the following data were gathered:
date of birth, gender, age at diagnosis, ethnicity, and T1D auto-
antibodies (ICA, GADA, IA-2A, TIAA, and ZnT8A). For patients
with a clinical diagnosis of monogenic diabetes confirmed by
genetic testing, the mutations identified were obtained and checked
for novelty using HGMDpro (Qiagen Bioinformatics, Aarhus,

Denmark). In addition, details on therapy before and after the
genetic diagnosis were acquired. Genetic analysis of the common
maturity onset diabetes of the young (MODY) genes (i.e., GCK,
HNF1A, HNF4A) was performed in different laboratories located in
Bologna, Florence, Genoa, Naples, Rome, San Giovanni Rotondo,
and Verona. All centers adopted a “metabolic phenotype” strategy
of genetic screening, starting with the GCK gene in all individuals
with IFG or stable fasting hyperglycemia not exceeding 150 mg/dL
(8.3 mol/L) and negative to T1D autoantibodies. If a mutation in the
GCK gene was identified, the screening was stopped. If no mutations
were found in the GCK gene, the screening continued with the
analysis of HNF1A and, subsequently, HNF4A. Patients pre-
senting with severe, progressive hyperglycemia but who were
negative for T1D autoantibodies were directly screened for
HNF1A and then HNF4A. In patients with defects of the uro-
genital tract, HNFIB was analyzed first in five laboratories
(Bologna, Florence, Genoa, Rome, and San Giovanni Rotondo),
and multiplex ligation-dependent probe amplification was used
to assess deletions. Rare MODY genes (i.e., PDX1, NEUROD1,
INS, ABCC8, KCNJ11) were investigated last. Most cases of
neonatal diabetes mellitus (NDM) and all cases of severe insulin
resistance were analyzed in Rome using sequential DNA se-
quencing of KCNJ11, INS, ABCC8, and GATAG6 for NDM and
INSR for severe insulin resistance. Defects of chromosome 6 in
patients with transient NDM were tested for in laboratories in
Catanzaro and Milan. Analysis to determine the presence of Wol-
fram syndrome was performed in Messina, Genoa, and Bologna.

Patients with a clinical diagnosis of type 2 diabetes belonged to
two groups: those referred to the clinic with symptoms of diabetes
and those referred to the obesity clinic. For both groups, we
gathered data on blood pressure, hemoglobin Alc (HbAlc),
C-peptide, total cholesterol, and triglycerides. The present study
was performed in accordance with the Declaration of Helsinki.
The parents of each patient provided written informed consent.

Figure 1 synthesizes, in the form of a flowchart, the con-
sensus reached among the centers involved in the present study
regarding the clinical and laboratory steps that guided the ge-
netic testing and, in general, the etiologic diagnosis.

Statistical analysis

Statistical analysis was performed using SPSS, version 20.0,
for Mac OS (IBM Corp., Armonk, NY). P < 0.05 was con-
sidered statistically significant. Data are presented as the mean
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Figure 1. Stepwise flowchart of etiologic diagnoses of children’s hyperglycemia. autoAb, autoantibody; DM, diabetes mellitus; FPG, fasting
plasma glucose; MODY, maturity onset diabetes of the young; NDM, neonatal diabetes mellitus; n.a., not available; PG, plasma glucose; T1D,

type 1 diabetes; T2D, type 2 diabetes. *Present study and Prisco et al (12).

+ standard deviation and frequencies. Analysis of variance was
used to compare the mean values between groups, and the
Wilcoxon test was used to longitudinally compare the HbAlc
values. The y” test was used to assess the statistically significant
differences between categorical variables. Paired data were
analyzed using the Wilcoxon test.

Results

Type 1 diabetes

Of the 3781 patients, 3495 (92.4% of the entire data
set) were clinically diagnosed with type 1 diabetes (52.3%
males; Table 1). Of these 3495 patients, 3283 (93.9%)
had at least one T1D autoantibody assayed, with 13.1%
tested for two antibodies, 42.7% for three antibodies,
30.9% for four antibodies, and 1.2% for five antibodies.
GADA were the most tested [3027 patients (86.6%)] and
the most frequently positive (72%) antibodies, followed
by TA-2A (positive in 65.7% of 2541 patients tested),
anti-insulin antibodies (51.9% of 2646), and ICA, which
were tested for less but showed greater positivity than
IAA (58.6% of 1461). ZnT8A was assayed in 394 patients

with a clinical diagnosis of T1D (any age) but with negative
results for GADA, TA-2A, TAA, and ICA. Among those
tested, 67% had positive results. As expected, when we
analyzed for age at diabetes onset, we found a positive IAA
test result for 67.7% of patients with diabetes diagnosed
at <5 years of age. Overall, 2932 patients (90.7% of those
tested) had positive results for at least one antibody. Some
patients referred to the diabetes centers because of IFG had
positive autoantibody test results and subsequently de-
veloped full-blown diabetes (Table 1).

Fifteen patients with negative test results for all five an-
tibodies were provisionally classified as having T1Db (idi-
opathic) based on the following considerations: the cases
were sporadic (i.e., no family history of diabetes) and the
patients had a lean body habitus and a mode of presentation
typical of T1D with reduction of the insulin dose only during
“honeymoon” period. Although some of these patients
might bear a spontaneous MODY mutation, such as
HNF1A, HNF4A, INS, KCNJ11, or ABCCS8, none has
undergone genetic analysis at the last follow-up point.
Therefore, they were listed with the T1D patients in Table 1.
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Table 1. Frequency of the Different Causes of Diabetes in 3781 Patients Referred to 15 Italian Pediatric
Diabetes Clinics

Variable T1D T2D MODY NDM  Genetic Syndromes Other Total
Patients, n (%) 3495 (92.4) 37 (1.0) 210 (5.5) 21(0.6) 9(0.24) 9(0.24) 3781
IFG/DM, % 0.2/98.8 19/81 73/27 NA NA NA NA
Mean + SD age at referral, y 84 42 13.8+24° 94 =+ 4.0° <6 mo NA NA NA
Northern Italy 1289 (36.9) 27 (73.0) 69 (33.0) 12 3 4 1404 (37.1)
Central Italy 1102 (31.5) 3(8.1) 59 (27.8) 6 0 1 1170 (30.9)
Southern Italy 1104 (31.6) 7 (18.9) 82 (39.2) 3 6 4 1207 (31.9)

Abbreviations: NA, not applicable; SD, standard deviation; T2D, type 2 diabetes.

The relative percentage of IFG/DM was calculated using data from 166 MODY patients; the relative percentage of patients identified in each Italian

macroregion within homogeneous diagnostic groups is given in parentheses.

?Compared with T1D, P < 0.001.
bCompared with T1D, P = 0.003; MODY vs 72D, P < 0.001.

Ethnicity was available for 2881 patients: 88.6% were
born of Italian parents, 4.2% of another white ethnicity,
3.4% of North African parents, and 1.3% of other African
countries. The remaining 2.5% were born of parents from
other minorities.

Type 2 diabetes

Thirty-seven patients (1%; female/male ratio, 1:2) were
clinically classified as having type 2 diabetes (Table 1). All
37 patients were overweight or obese according to the body
mass index z-score, with negative results for T1D-related
autoantibodies. The mean fasting C-peptide (available for
29 patients) was 3.77 ng/mL (interquartile range, 1.9 to
4.8). Of the 32 patients whose liver ultrasound imaging and
liver enzyme test results were available, 21 showed signs of
nonalcoholic fatty liver disease. Twenty-two (0.58% of the
total) presented with diabetes symptoms. Among those
without symptoms, 7 presented with IFG and were clas-
sified as having diabetes on oral glucose tolerance testing
(OGTT; Table 1). As expected, the mean HbA1¢ value was
higher in the symptomatic patients [10.4% (90 mmol/mol)
vs 7.2% (55 mmol/mol); P < 0.001]. These patients were
also older (mean age, 14.6 years vs 12.7 years; P < 0.01).
No difference was found in C-peptide, total cholesterol,
triglycerides, or blood pressure between the two groups.

Monogenic diabetes

For all cases, mutation was confirmed by Sanger se-
quencing in both strands, and segregation of the mutation
was ascertained in the probands’ parents. A total of 240
patients (MODY plus NDM plus genetic syndromes; i.e.,
6.3% of our sample) had a genetic mutation (Table 1).

GCK/MODY, HNF1A/MODY, HNF4A/MODY,
HNF1B/MODY

Most patients with a final genetic diagnosis of MODY
(all genes) had presented with IFG at referral (73%;
Table 1). The most common form of monogenic diabetes

was GCK/MODY, with 181 mutations (4.7% of the
entire data set), 21 of which were novel according to
HGDMpro (Table 2), followed by HNFIA/MODY (16
mutations; 2 novel), HNF4A (6 mutations), and HNF1B
(3 mutations). Three probands with HNF4A/MODY
carried novel mutations, two of which will be presented
in a separate report. Of the 3 patients diagnosed with
HNF1B/MODY, 1 had total deletion of one allele and 2
carried known mutations. Patient age at referral to the
diabetes centers for those with GCK/MODY, HNF1A/
MODY, and HNF4A/MODY was 9.0 *+ 4 years (range,
0.1 to 17.95), 13.0 = 2.8 years (range, 6.8 to 17.5), and
10.8 = 2.3 years (range, 7.2 to 15.2), respectively. Patient
age at the molecular diagnosis was 9.5 (GCK), 13.4
(HNF1A), and 11.9 (HNF4A) years. Not surprisingly,
individuals with a GCK mutation often presented with
IFG (117 of 146 for whom data were available; 80%),
and 75% (12 of 16) of those with HNF1A had plasma
glucose values greater than the diabetic threshold.

PDX1/MODY, INS/MODY, ABCC8/MODY

Two novel PDX1 variants were considered pathogenic
and will be reported separately. A new INS/MODY mu-
tation (c.125C>T, p.Val42Ala) identified in the proband
and three family members with diabetes has been recently
reported (13). The index case was classified as IFG according
to the fasting glucose values and HbA1c but OGTT showed
diabetes (13). A patient carried an already described ABCCS8
mutation (ABCC8/G1479R) in a heterozygous state, pre-
viously found to be associated with hyperinsulinemic hy-
poglycemia (14). The proband presented with diabetes at 12
years of age. His mother, who carried the mutation, was
diagnosed with gestational diabetes mellitus during her first
pregnancy and had persisting hyperglycemia after delivery
and during each of two subsequent pregnancies. The elder
brother of the proband, a mutation carrier, was classified as
having diabetes on OGTT at the age of 24 years but was
initially tested for hypoglycemia.

0202 1oquiadaq | UO Josn IseAelelN BRIqWO Aq 6S0L00E/9Z81/9/Z01/2101E/Waol/00 dNo oIuapeo.//:Sd)Y WOol) POPEOjUMOQ


http://dx.doi.org/10.1210/jc.2016-2490
https://academic.oup.com/jcem

1830 Delvecchio et al Monogenic Diabetes in Italian Youth

J Clin Endocrinol Metab, June 2017, 102(6):1826-1834

Table 2. Novel Mutations in GCK, HNF1A, HNF4A, and WFS1 Genes (According to HGDMpro)

Nucleotide Predicted Protein
Gene/Location Mutation Type Change (HGVS) Change HGVS Phenotype
GCK/Exon 2 Deletion €.48_50delAGA p.E17del p.Glu17fs MODY
GCK/Exon 2 Missense c.167A>G p.Lys56Arg K56R MODY
GCKAVS2 Splice C.208+1G>T NA MODY
GCK/Exon 4 Missense c457C>T p.Pro153Ser P153S MODY
GCK/Exon 4 Missense c.466C>A p.His156Asn H156N MODY
GCK/Exon 4 Missense c475A>T p.lle159Phe [159F MODY
GCK/Exon 7 Missense C.685G>T p.Gly229Cys G229C MODY
GCK/Exon 7 Missense €.688T>G p.Cys230Gly C230G MODY
GCK/Exon 7 Missense c.763A>C p.Thr255Pro T255P MODY
GCK/Exon 7 Deletion €.775_777delGCC p. p.-Ala259del p.Gly258_Phe260del MODY
GCK/Exon 7 Stop €.859C>T p. GIn287Ter Q287* MODY
GCK/Exon 8 Missense €.925C>G p.Leu309Val L309V MODY
GCK/Exon 8 Deletion €.960_970del p.Ala320del p.Glu319_fs MODY
GCK/Exon 8 Missense c.1019G>A p.Ser340Asn S340N MODY
GCK/Exon 9 Missense c.1180C>A p.Arg394Ser R349S MODY
GCK/Exon 9 Insertion ¢.1182insA p. p.R39%4ins p.Glu395fs MODY
GCK/Exon 9 Missense C.1222G>A p.Val408Met V408M MODY
GCK/Exon 9 Missense €.1228C>G p.Gly410Arg G410R MODY
GCK/Exon 10 Missense c.1310C>T p.Thrd37lle T437I MODY
GCK/Exon 10 Missense c.1318G>A p.Glud40Lys E440K MODY
GCK/Exon 10 Insertion/duplication  ¢.1332_1333dupGC p.Gly444delins p.Gly444fs MODY
HNF1A Missense C.226G>A p.Asp76Asn D76N MODY
HNF1A Insertion c.1182insA p.P394ins p.Pro394fs MODY
HNF4A Splice site c426+1G>A NA MODY
WEFS1 Insertion/duplication €.2155_2168dup14 Phe725fs (+ Gly702Ser) p.F725fs Wolfram

Abbreviations: HGFV, Human Genome Variation Society; NA, not applicable.

Neonatal diabetes mellitus

NDM was initially diagnosed in 22 patients, 13 with
transient NDM (TNDM). TNDM was caused in four
cases by defects in chromosome 6 and in four by
previously described mutations of genes encoding for
the potassium adenosine triphosphate channel ABCCS8
(R1380C; V1523M) or KCNJ11 (R50Q; E229K). In
two patients, genetic screening of common TNDM
genes was incomplete (i.e., investigation of ABCCS,
KCNJ11, or UDP6 and methylation defects were
missing). In the other two patients, the results of
screening of known genetic causes of TNDM (in-
cluding INS gene promoter mutations) were negative,
and the origin of TNDM remained elusive. In 1 case, a
previously described heterozygous mutation of GCK
was identified, and the clinical diagnosis was modified
to GCK/MODY. Thus, the final count of the NDM
cases was 21 (Table 1).

Among the patients with permanent NDM, six
carried a KCNJ11 mutation (H46Y, V59M, R201C,
R201H, E322K; one novel mutation will be reported
separately) and one carried the previously described
INS mutation R89C. One patient with pancreatic
agenesis (deceased at 1 month old) had negative results
for PDX1 and GATAG6 mutations, and one patient
with syndromic NDM (multicystic kidney, choanal
atresia) had negative results in the search of mutations

in HNF1B. Two patients carrying a KCNJ11 mutation
were not of Italian ancestry (one Chinese and one from
North Africa).

Other forms of monogenic diabetes

Wolfram syndrome. Wolfram syndrome was diagnosed
in four patients. Of these four patients, three carried ho-
mozygous or compound heterozygous WESI gene mu-
tations (1 novel heterozygous mutation; Table 2) and
one, a CISD2 mutation, leading to Wolfram syndrome 2,
which has been reported recently (15).

Thiamine-responsive megaloblastic anemia. In 1 patient
with a diagnosis of anemia, deafness, and diabetes, a com-
pound heterozygous mutation of SLC19A2 was identified
and reported previously (16).

Severe insulin resistance syndromes. Four patients pre-
senting with congenital, severe insulin resistance (Donohue
syndrome, Rabson-Mendenhall syndrome) bore biallelic
mutations of the INSR gene; two of these patients were of
North African origin. All these cases have been previously
reported (17).

Non-T1D, unclassified; other
In a small number of patients clinically classified as
having MODY, genetic screening elicited inconclusive

0202 1oquiadaq | UO Josn IseAelelN BRIqWO Aq 6S0L00E/9Z81/9/Z01/2101E/Waol/00 dNo oIuapeo.//:Sd)Y WOol) POPEOjUMOQ



doi: 10.1210/jc.2016-2490

results, and these patients were included in the column of
“Other” in Table 1.

Effect of Molecular Diagnosis on
Therapeutic Aspects

GCK/MODY

Of the 136 patients with GCK/MODY for whom
treatment data were available, 126 (92.6%) were not
receiving therapy and 7 (5.1%) were consuming a specific
diet. Only three patients were taking insulin, with one
patient taking insulin plus metformin. After the molecular
diagnosis, the patients with no therapy increased to 131,
2 patients were consuming a specific diet, and 2 patients
continued insulin therapy (refusal of the parents to stop
insulin); 1 patient was lost to follow-up. The mean
HbA1lc was 6.4% (46 mmol/mol) before and 6.2% (44
mmol/mol) 6 months after the molecular diagnosis.

HNF1A/MODY

Data were available for all 16 patients with an HNF1A
mutation. Before the genetic diagnosis, six patients had
had no therapy, one was receiving dietary therapy, three
were taking oral hypoglycemic agents [one, sulfonylurea
(SU); two, metformin], and six were taking insulin. After
the diagnosis of HNF1A/MODY, five of the patients
taking insulin were successfully transferred to either SUs
(four patients) or repaglinide, and one could not reach
optimal control with SU and was switched back to in-
sulin. Another two patients, one with no therapy and one
taking metformin, started SU, and one patient taking
metformin stopped the drug. Four patients remained free
of therapy. The mean HbAlc¢ of patients without therapy
or dietary therapy was 6.5% (48 mmol/mol) before and
6% (42 mmol/mol) 6 months after molecular diagnosis.
For those taking insulin at the moment of genetic testing
was 8.2% (66 mmol/mol) and 6.7% (50 mmol/mol; P =
0.028; Wilcoxon test) after 6 months (four patients
taking SU).

HNF4A/MODY

At the clinical diagnosis, only one of the six patients
with HNF4A/MODY was taking insulin and one was
receiving dietary therapy. After mutation identification,
five patients had no treatment, and one continued insulin.
The HbAlc level was 5.9% (41 mmol/mol) at pre-
sentation and had not changed 6 months after the genetic
diagnosis.

ABCC8/MODY
An attempt to switch the proband with ABCCS8/
MODY and his mother to SUs failed.

https://academic.oup.com/jcem 1831

Permanent NDM

All six patients with KCNJ11 mutations associated
with the permanent form of NDM, including the carrier
of the novel mutation, were successfully transferred from
insulin to SUs.

Discussion

The present results show that monogenic diabetes ac-
counts for =6.3% of all patients presenting to pediatric
diabetes clinics for diabetes or IFG. Also, MODY alone,
at 5.5%, represents the second prevailing cause of hy-
perglycemia after T1D in Italian youth. The prevalence of
MODY, the most common cause of monogenic diabetes,
has currently been estimated at 1% to 2% of diabetes
cases (18). If we exclude those patients classified with
IFG, the MODY mutations represented about 1.85% of
our data set, a percentage in line with the calculation of
the MODY quota in patients with diabetes by Fajans and
Bell (18). Nevertheless, it should be remembered that
patients carrying GCK mutations, even if their fasting
plasma glucose exceeds the threshold for diabetes, are
almost invariably asymptomatic. Thus, decision making
about genetic testing should not only rely on symptoms or
signs of diabetes but also on careful clinical evaluation of
any infant with a fasting plasma glucose level chroni-
cally >100 mg/dL (5.5 mol/mol).

In this context, the usefulness of T1D-related auto-
antibodies as a first step in the diagnostic process is shown
by the results from the present study. The patients in our
study presenting with IFG had no positive results from
autoantibody testing (Table 1). These findings have
confirmed previous findings from the Italian Society of
Pediatric Endocrinology and Diabetology diabetes study
group showing that in a group of 748 patients with in-
cidental hyperglycemia (>100 mg/dL; twice), 10%,
4.6%, and 4.9% tested positive for ICA, GADA, and TA-
2A, respectively, some of whom developed full-blown
T1D within 42 months (19). Thus, the application of T1D
autoantibody testing, in addition to the clinical criteria
for an etiologic diagnosis of T1D, might in part explain
why our results outweigh the percentage of MODY
mutations found (0.65%) in a large cohort of German/
Austrian patients with a diagnosis of diabetes aged <20
years (3), a number that did not change much even after
“reclassification” as MODY for patients initially cate-
gorized as type 2 diabetes (20). The very same conclusion
can be drawn from a comparison of our results with those
of SEARCH: after analysis of three MODY genes (GCK,
HNF1A, and HNF4A) in patients selected for negativity
of T1D autoantibodies and C-peptide levels of =0.8 ng/
mL, the estimated prevalence was 1.2% (21). In the
SEARCH study, a GCK mutation was identified in 14 of
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47 patients with MODY mutations (29%; the proportion
of HNF1A mutations found was 55%). In contrast, GCK
mutations accounted for 86% of MODY cases (180 of
209) of our study and HNF1A for only 7.6%. We do not
have an evidenced-based explanation for this difference.
However, remembering the metabolic phenotype of pa-
tients carrying heterozygous, loss-of-function GCK mu-
tations, we can hypothesize that the capillary presence in
the Italian national territory of family pediatricians
specifically following up individuals from birth to 14
years of age maximizes the referral of children with
slightly supranormal (i.e., >100 mg/dL) fasting plasma
glucose levels to diabetes pediatric clinics. This inter-
pretation seems to be supported by our finding that the
mean age of MODY patients at presentation (9.4 years;
Table 1) was 2 full years less than that reported by the
SEARCH investigators (11.5 years) (21). Another in-
teresting observation was the quite similar repartition of
patients carrying MODY mutations among Northern,
Central, and Southern Italy (33%, 27.8%, and 39.2% of
the total number of MODY patients, respectively), a
result that seems at odds with that of the United Kingdom
(22), where referrals decreased according to the distance
from the center offering genetic testing. We believe that
this result is likely linked to the even distribution of
MODY molecular genetics laboratories that serve as
“hubs” for our three macroregions, allowing easy referral
and access to genetic testing for the most common form
of monogenic diabetes in youth (i.e., GCK, HNF1A,
HNF4A). In addition, and of note, only three GCK pa-
tients were taking insulin before genetic testing, a
result that confirms the clinical savviness of Italian
pediatric diabetologists. Moreover, the even distri-
bution of MODY subtypes throughout Italy suggests
that the greater prevalence of GCK mutations resulted
from a recruitment “bias” rather than a different ge-
netic background.

MODY/NDM patients carrying mutations in specific
genes (e.g., HNF1A, HNF4A, KCNJ11,and ABCCS8) can
respond to SUs or mitiglinides. The switch to SUs was
successful in all patients with HNF1A mutations iden-
tified in the present study, except for one. This result
seems pertinent, considering that the guidelines from the
International Society for Pediatric and Adolescent Di-
abetes (ISPAD) promoting the switch from insulin to SU
or mitiglinides in patients diagnosed with HNF1A/
MODY (23) are not always carefully followed (24).
No patient with KCNJ11/NDM presented with epilepsy
and developmental delay [DEND (developmental delay,
epilepsy, and NDM) syndrome], a combination some-
times bound to SU primary failure (25), and all were
easily switched from insulin to glyburide. In contrast, a
trial with SUs could not control hyperglycemia in the
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proband with ABCCS8 dominant-negative mutation or in
his mother.

Another interesting aspect of our results was the low
prevalence of type 2 diabetes, which accounted for only
1% of the whole data set (with symptomatic patients a
mere 0.58%), a percentage similar to that obtained in the
DPV-Wiss (3, 20). Also, this result seems robust, because
the data used to support each clinical diagnosis, including
T1D-related autoantibodies as recommended by the
ISPAD guidelines (26), were collected for all patients,
which should reduce the margin of error.

Our study had limitations. First, we mainly included
tertiary centers for pediatric diabetes that were mostly
based in university hospitals and treating a large number
of patients. A recent survey on the organization and
regional distribution of pediatric diabetes centers in the
Italian territory (27) identified a total number of 68
centers caring for 15,563 children and adolescents with
diabetes. Therefore, our sample might not represent the
“real world,” having excluded in part the diabetes clinics
treating a small number of patients and with reduced
access to T1D-related autoantibody determination and
genetic testing. In addition, we did not include centers
located in Sardinia—the region with the greatest in-
cidence of T1D in Italy and ranking second in the Western
world—which are reported to monitor 2610 patients
with autoimmune diabetes (27).

A second limitation was that even in the privileged
setting of the 15 centers examined, a relevant number of
patients clinically classified as having T1D had no auto-
antibody performed to confirm the diagnosis. This might
have hampered the discovery of sporadic cases carrying
mutations in MODY genes such as HNF1A, which can
mimic T1D at onset. It has been shown that these mu-
tations can be identified in patients without high-risk
HLA haplotypes and negative to T1D autoantibodies
(28). This is especially true if one considers that the
current ISPAD consensus states that a positive single
antibody is sufficient to confirm the diagnosis (29). Type
1 diabetes is characterized by a profound defect of insulin
secretion (29) that may temporarily remit (honeymoon
period) during the first year after disease onset (30). Thus,
the observation after 2 years of diagnosis (i.e., well
beyond typical honeymoon) of a continued insulin
treatment at full dose, combined with low/undetectable
C-peptide, is usually considered a realiable clinical
surrogate of autoantibodies and warrants a diagnosis of
type 1 diabetes. The National Institute for Health and
Care Excellence recommends considering autoantibody
testing if it can serve as guidance for genetic testing (31).

In conclusion, in this large sample of patients referred
to tertiary pediatric diabetes clinics scattered through-
out Italy, the diagnosis of monogenic diabetes cases
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confirmed by genetic testing reached 6.3%, two full
percentage points beyond the highest (estimated) data
published to date (32).
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