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Abstract

Aims/hypothesis MODY can be wrongly diagnosed as type 1
diabetes in children. We aimed to find the prevalence of
MODY in a nationwide population-based registry of child-
hood diabetes.

Methods Using next-generation sequencing, we screened the
HNFIA, HNF4A, HNFI1B, GCK and INS genes in all 469 chil-
dren (12.1%) negative for both GAD and IA-2 autoantibodies
and 469 antibody-positive matched controls selected from the
Norwegian Childhood Diabetes Registry (3882 children).
Variants were classified using clinical diagnostic criteria for path-
ogenicity ranging from class 1 (neutral) to class 5 (pathogenic).
Results We identified 58 rare exonic and splice variants in
cases and controls. Among antibody-negative patients, 6.5%
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had genetic variants of classes 3—5 (vs 2.4% in controls;
p=0.002). For the stricter classification (classes 4 and 5), the
corresponding number was 4.1% (vs 0.2% in controls;
p=1.6x10"). HNFIA showed the strongest enrichment of
class 3-5 variants, with 3.9% among antibody-negative pa-
tients (vs 0.4% in controls; p=0.0002). Antibody-negative
carriers of variants in class 3 had a similar phenotype to those
carrying variants in classes 4 and 5.

Conclusions/interpretation This is the first study screening for
MODY in all antibody-negative children in a nationwide
population-based registry. Our results suggest that the preva-
lence of MODY in antibody-negative childhood diabetes may
reach 6.5%. One-third of these MODY cases had not been
recognised by clinicians. Since a precise diagnosis is important
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for treatment and genetic counselling, molecular screening of
all antibody-negative children should be considered in routine
diagnostics.

Keywords Antibody-negative - Childhood-onset diabetes -
Geneticscreening - MODY - Monogenic diabetes - Norwegian
Childhood Diabetes Registry - Prevalence - Sulfonylurea
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IA-2 Insulinoma-associated antigen 2

MAF  Minor allele frequency

NCDR  Norwegian Childhood Diabetes Registry
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Introduction

Monogenic forms of diabetes are caused by mutations in sin-
gle genes and constitute a yet-unknown fraction of all diabe-
tes. MODY is the most common type of monogenic diabetes
and can be caused by mutations in at least 13 genes [1]. The
clinical picture is characterised by autosomal dominant inher-
itance, onset before 25-35 years of age, normal body weight,
primary beta cell dysfunction and lack of markers of autoim-
mune diabetes. In the Norwegian MODY Registry, the distri-
bution of the most common MODY forms among patients
with a molecular diagnosis of MODY is as follows: HNF1A-
MODY 53%, GCK-MODY 30%, HNF4A-MODY 7.5% and
HNF1B-MODY 5.6%, while several other forms are very rare
[2-4].

Clinically, MODY may be difficult to distinguish from type
1 and type 2 diabetes. It is therefore likely that many patients
with monogenic forms are misclassified. A molecular diagno-
sis of monogenic diabetes is essential for optimal treatment,
prognosis and genetic counselling. Patients with MODY
caused by a mutation in the HNFIA or HNF4A genes are
sensitive to sulfonylurea treatment, which is associated with
improved glycaemic control and quality of life [5-9].
Moreover, patients with a mutation in GCK typically do not
require pharmacological intervention [10]. Hence, individuals
with unrecognised MODY may receive suboptimal treatment.

Although we and others have estimated the prevalence of
monogenic diabetes to be 1.1-4.2% of all children with dia-
betes [11-14], no study has yet screened a nationwide
population-based cohort in a systematic way.

Various guidelines have been established to aid clinicians
in recognising patients who might have clinical signs of
MODY, such as lack of diabetes autoantibodies, normal
BMI, sustained insulin secretion capacity years after diagnosis
and a family history of diabetes. Studies indicate that lower
levels of the biomarker high-sensitivity C-reactive protein (hs-
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CRP) can predict HNFIA-MODY patients for diagnostic ge-
netic testing [15].

Despite this, a substantial fraction of patients with MODY
remain undiagnosed. Thus, current guidelines, combined with
clinical ‘intuition’, are imperfect compared with molecular genet-
ic testing. To circumvent these challenges, we designed our study
to screen the MODY genes HNFIA, HNF4A, HNF 1B, GCK and
INS by next-generation sequencing in all antibody-negative chil-
dren and controls from the population-based Norwegian
Childhood Diabetes Registry (NCDR).

Methods

Study design We selected all 469 children in the NCDR who
were negative for both GAD and IA-2 autoantibodies at dia-
betes onset. The control group was also selected from the
NCDR and consisted of 469 age- and sex-matched children
positive for both GAD and [A-2.

Study population All children less than 15 years of age de-
veloping diabetes (using WHO criteria) in Norway are invited
to participate in the NCDR. Estimates show that the NCDR
contains data from more than 96% of all children diagnosed
with diabetes since 2002 [16]. By March 2015, the registry
contained clinical data (onset of diabetes, family history, treat-
ment, BMI, etc.) as well as serum and DNA samples for 3882
children. In Norway, GAD and IA-2 autoantibodies are
analysed in all children developing diabetes and these data
are supplied to the NCDR.

Laboratory analyses Autoantibodies to GAD and IA-2 were
analysed at Haukeland University Hospital or Oslo University
Hospital, Aker using a radioligand assay in which recombi-
nant anti-GAD and anti-IA-2 were labelled and detected as
described [12]. The cut-off criteria for autoantibody negativity
were antibody index < 0.08 or concentration < 1.0 U/ml for
GAD, and antibody index < 0.1 or concentration < 1.0 U/ml
for [A-2.

Genetic analyses We extracted genomic DNA (gDNA) from
peripheral leucocytes using standard procedures.

The selected panel, TruSeq custom amplicon (Illumina,
Eindhoven, the Netherlands), covers a total of 62,525 bp.
The 425 bp amplicons were designed to cover the entire cod-
ing region and exon—intron boundaries (+5 bp). In addition,
2 kb of the flanking sequence in the 5" UTR and some specific
regions, promoter regions in HNF4A (c.-192), GCK (c.-557)
and /NS intron (c.188-31), were added to the target regions of
selected genes. Adaptor-ligated libraries were prepared from
250 ng of gDNA following protocol instructions (Illumina).
Amplicons of 938 blood samples were sequenced on an
[llumina MiSeq sequencer at Hudson Alpha Institute for
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Biotechnology (Huntsville, AL, USA). The sequencing of
250 bp pair-end reads resulted in an average of 82 Mbp of
raw sequence data per sample. Six samples were excluded
due to low coverage. The panel set-up included a total of 16
genes, although in this study we investigated the 13 MODY
genes: HNFIA, GCK, HNF4A, HNFI1B, INS, ABCCS,
KCNJI11, BLK, CEL, NEURODI, KLF11, PAX4 and PDXI.
The reference sequences used for alignment were: GCK,
NM 000162.3; HNFIA, NM_000545.6; HNFIB,
NM_000458.3; HNF4A, NM_175914.4; INS, NM_000207.2;
ABCCS8, NM 000352.3; BLK, NM 001715; CEL,
NM 01807; KCNJI1I, NM 000525.3; KLFI1I,
NM 001177716.1; NEURODI1, NM_002500.3; PAX4,
NM_006193.2 and PDX1, NM_000209.3. The genomic coor-
dinates for the full gene panel are listed in the electronic sup-
plementary material [ESM Table 1]. Alignments and variant
calling were performed using TruSeq Amplicon workflow
(v.1.0.0.57; GATK variant caller) in the Illumina BaseSpace
analysis software (v.2.4.60.8). Low-quality variant calls (depth
< 20, variant quality < 100) were removed from the variant lists.
Next, to retain only rare variants, we excluded variants with
minor allele frequency (MAF) > 1% in the 1000 Genomes
database (phase 1 release v3 called from 20101123 alignment)
[17], variants present with frequency > 1% in an in-house da-
tabase of over 300 Norwegian exomes and variants present
among the patients with a frequency higher than 30%. Our in-
house database of allele frequencies encompasses 300 exomes
derived from research projects on a diverse set of rare non-
diabetes-related Mendelian disorders. All analyses were per-
formed on rare variants within coding sequences as defined
by RefSeq (https://www.ncbi.nlm.nih.gov/refseq/), and both
filtering and categorisation of variants were done using
ANNOVAR [18]. Statistics on variant counts at different
filtering stages, as well as detailed gene/exon coverage
statistics, can be found in ESM Table 2 and ESM Fig. 1.

We used DNA samples from 22 patients with known var-
iants in the five selected genes as controls. We confirmed all
newly identified variants by Sanger sequencing.

Classification of sequence variants All rare variants (MAF
<1%) were classified using a five-tier score system as defined
by Plon et al [19]. This classification model is commonly used
in clinical diagnostics laboratories and places a variant into
one of five groups: class 1, neutral/benign; class 2, likely
neutral/benign; class 3, unknown significance; class 4, likely
pathogenic and class 5, pathogenic. We scored the variants
based on criteria using clinical, functional and segregation
data from the literature (PubMed, HGMD professional
[www.hgmd.cf.ac.uk/] and ClinVar [www.ncbi.nlm.nih.
gov/clinvar/]) and population data (ExAC [http://exac.
broadinstitute.org/], 1000 Genomes [www.ncbi.nlm.nih.
gov/variation/tools/1000genomes/], ESP [http://evs.gs.
washington.edu/EVS/] and dbSNP [www.ncbi.nlm.nih.

gov/snp]), as well as information from the Norwegian
MODY Registry. Splice site predictions were performed by
the integrated software of Alamut v.2.6 (Interactive
Biosoftware, Rouen, France) using default settings. The 1-5
classification system puts less emphasis on bioinformatics and
the in silico predictions (SIFT, PolyPhen-2, Align GVGD,
Mutation Taster and CADD) are used only as supportive infor-
mation. It is also important to mention that this classification
model is relevant and applicable to Mendelian disease (and not
complex disorders). For a variant to be classified as class 5,
clinical, functional and segregation data must be present.
Nonsense, frameshift or essential splice site variations were,
by their nature, considered pathogenic or likely pathogenic.

Classification of DNA variant pathogenicity was carried
out independently by three researchers (BBJ, JM and IA)
and performed blindly to autoantibody status.

Statistical analysis We compared clinical observations be-
tween antibody-negative and antibody-positive individuals
(Table 1). For antibody-negative individuals, we compared
those harbouring variants in classes 3—5 with those harbouring
class 1 and 2 variants. Dichotomous outcome was studied
using binomial regression with log link to estimate RR with
CI between groups. Comparisons of the mean of groups were
conducted using the two-sample # test. BMI standard deviation
scores (SDS) were calculated using the current references for
Norwegian children [20]. All statistical analyses were per-
formed using the STATA statistic Software (version 14.0)
(StataCorp LP, College Station, TX, USA).

Ethics The present study was conducted in accordance with
the Declaration of Helsinki and approved by the Regional
Committee for Research Ethics. Written informed consent
was obtained from all participants or their guardians.

Results

Targeted deep sequencing In this study, a panel of 13
MODY genes was screened (HNFIA, HNF4A, HNFB,
GCK, INS, ABCC8, KCNJ11, BLK, CEL, NEURODI,
KLFI11, PAX4 and PDXI) in a cohort of 938 patients from
the NCDR using TruSeq Custom Amplicon targeted sequenc-
ing. The mean depth of coverage across samples was between
207x and 1186.1%, with between 81.1% and 99.2% of the
base pairs covered by at least 20 reads (ESM Table 2 and
ESM Fig. 1). We mainly focused on the five MODY genes
HNFIA, HNF4A, HNFI1B, GCK and INS, which constitute
about 98% of all MODY in Norway.

To validate our assay, 22 samples with known variants in
the selected target genes previously confirmed by Sanger se-
quencing were run as controls. All these variants were identi-
fied correctly by the TruSeq custom panel. Variants detected
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Table 1  Baseline characteristics of study participants

Characteristic Antibody-negative Antibody-positive p value
n 469 469 -
Sex, % male 58.4 59.8 -
Age of onset, years 9.3(0.1-17.3) 9.2 (0.9-17.2) 0.83
HbA . at onset 0.16
% 10.9+2.6 11.1£2.2
mmol/mol 95+28 98+24
HbA . at last annual check-up 0.29
%o 8.1+1.5 82+14
mmol/mol 64+16 66+ 15
Daily insulin consumption at last annual check-up, U/kg 0.82+0.49 0.91+0.42 0.002
BMI at onset, kg/m* 17.7+5.5 16.7+3.6 0.004
BMI at last annual check-up, kg/m? 20.2+4.8 20.1£4.0 0.73
BMI SDS at last annual check-up 044+1.1 044+1.1 0.94

Data are given as mean (range) or mean +SD

p values are from Student’s ¢ test, antibody-positive vs antibody-negative

BMI SDS, SDS of baseline median BMI

in the screening described here were checked by Sanger se-
quencing and no false positives were detected.

As choice of annotation software might affect the results
[21, 22], we tested both RefSeq and GENCODE with several
types of annotation software. Results were largely consistent
between software types and no additional variants in classes
3-5 were detected. Hence, the results are presented with strat-
egy as described in Methods.

Frequency of MODY variants in HNFIA, HNF4A,
HNFIB, GCK and INS in the study population We
analysed all children (n=469) in the NCDR who were nega-
tive for both GAD and IA-2 autoantibodies. As controls, we
selected 469 age- and sex-matched patients who were positive
for both GAD and IA-2 autoantibodies. Baseline characteris-
tics of the study participants are presented in Table 1.

We identified 58 individuals carrying rare exonic and pu-
tative splice variants in the five main target genes. No patient
had more than one rare variant in the genes analysed.

Using bioinformatics tools, literature and the Norwegian
MODY Registry (see Methods), we could classify 34 of the
58 variants to be of unknown significance, likely pathogenic
or pathogenic (classes 3-5). Of these 34 variants, 22 have
previously been reported and 12 are novel (Table 2). A total
of 37 patients in the antibody-negative group had a rare variant
(classes 2—5) as compared with 21 patients in the antibody-
positive group. Seventeen individuals had variants that were
considered likely benign (class 2), whereas 41 patients had
variants ranging from unknown significance to pathogenic
(classes 3-5) (Fig. 1). Hence, 6.5% (30/462) of the
autoantibody-negative children had variants of class 3—5 com-
pared with 2.4% (11/468) of the autoantibody-positive
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children (p=0.002, RR 2.8 [95% CI 1.4, 5.5]) (Fig. 2).
Interestingly, 3.9% of the autoantibody-negative patients had
an HNFIA variant of class 3—5 compared with 0.4% of the
autoantibody-positive patients (p=0.0002, RR 9.1 [95% CI
2.2, 39.1]). The distribution of the different variants through-
out the HNF'IA gene is shown in Fig. 3.

Using a stricter measure for pathogenicity, 4.1% (19/462)
of the antibody-negative patients and 0.2% (1/468) of the
antibody-positive patients carried a pathogenic variant of class
4or5(p=1.6x10" RR 19.3[95% CI 2.6, 143.2]).

In the Norwegian MODY Registry, 21 of the 30 patients
harbouring variants in classes 3—5 had been identified previ-
ously by clinical criteria alone, reflecting a high level of
awareness for MODY in Norway. However, we still detected
nine new individuals with MODY in this study. Five of these
nine individuals who had not been referred for MODY testing
carried variants evaluated as class 3 and four individuals car-
ried class 4 or class 5 variants. NCDR data revealed that the
latter four individuals had no known family history, indicating
the presence of de novo variants and/or that family history had
been under-reported in clinical records. Unfortunately, the par-
ents were unavailable for testing.

Of the 11 variants detected in the antibody-positive group,
all but one were scored as class 3. The single class 4 variant
was identified in GCK. It seems, however, that this child had
double diabetes (i.e. GCK-MODY and type 1 diabetes), since
he/she at diagnosis had no detectable levels of C-peptide, no
family history of insulin-dependent diabetes, age of onset at
2.1 years, an HbA,. at 13.1% (120 mmol/mol) and insulin
requirement. The clinical characteristics of all children in the
NCDR identified in this study as harbouring a genetic variant
of classes 3—5 are listed in Table 3.
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Fig. 1 Outline of the study. Antibody-negative and -positive individuals
are defined, respectively, as individuals negative or positive for both
GAD and IA-2. Rare variants are in HNFIA, HNF4A, HNFIB, GCK
and INS with MAF <1% in 1000 Genomes, in an in-house database of
300 Norwegian exomes with frequency <1%, and in the patients with a
frequency <30%

Clinical characteristics of the carriers of class 3—5 variants

Linking genetic information to clinical characteristics of pa-
tients from the NCDR (Table 4) revealed that age of onset was

74 *k

Carriers (%)
+

14
L
0 E—
HNF1A  HNF1B  HNF4A GCK INS Total

Fig. 2 Distribution of variants (%) in pathogenicity classes 3—5 in anti-
body-negative and antibody-positive patients in the NCDR. Pink bars,
antibody-negative class 3; red bars, antibody-negative class 4/5; light blue
bars, antibody-positive class 3; dark blue bars, antibody-positive class
4/5. *#%p=0.002 and ***p=0.0002
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significantly higher for the carriers of class 3—5 variants com-
pared with non-carriers in the antibody-negative group (11.1
vs 9.0 years; p=0.004). The probability of having a family
history of diabetes, HbA . < 7.5% (<58 mmol/mol) or being
treated by diet or a sulfonylurea were significantly higher for
this group. Treatment with insulin was less common among
the autoantibody-negative carriers of class 3—5 variants com-
pared with the non-carriers (p<0.001). Data from the last
annual check-up showed that antibody-negative patients with
a class 3—5 variant had lower HbA . (»p=0.058), lower daily
insulin consumption (p<0.001) and higher BMI SDS
(»p=0.004) when compared with the individuals without a
variant in the five analysed genes.

Our data allow us to address whether patients with variants
of uncertain significance (class 3) were similar, clinically, ei-
ther to carriers of class 4 or 5 variants (MODY), indicating
that these variants are likely pathogenic, or to patients without
variants (type 1 diabetes, not MODY). We therefore investigat-
ed both antibody-negative and antibody-positive children and
compared the clinical characteristics of the three different groups.
Patients with class 3 variants in the autoantibody-negative group
were not significantly different from the MODY variant (classes
4 and 5) carriers but were different from the antibody-negative
patients without class 3—5 variants (ESM Tables 3 and 4).
However, for the autoantibody-positive patients, the variant car-
riers (class 3 and 4) showed no significant difference in clinical
characteristics when compared with the individuals without class
3 or 4 variants, but the numbers studied were small.

Discussion

To our knowledge, this is the first study to investigate the
prevalence of MODY in all antibody-negative children with
diabetes in a national diabetes registry by sequencing the five
most common MODY genes. A total of 6.5% of these children
had variants in pathogenicity class 3—5, while 4.1% had var-
iants in class 4 or 5. Importantly, when evaluating clinical
data, we observed that carriers of class 3 variants had clinical
features typical of MODY (family history, HbA ., insulin use,
sulfonylurea treatment and age of onset), similar to patients
selected by the stricter classification (classes 4 and 5)
(Table 4). Thus, we believe that most patients with class 3
variants in the antibody-negative group are likely to have
MODY. In the control group, positive for anti-GAD and an-
ti-IA-2, we found that 2.4% had a variant of class 3—5 (n=10
scored as class 3 and only 1 as class 4). However, the clinical
characteristics of these patients were compatible with type 1
diabetes (ESM Table 4). Thus, it is likely that these variants
represent the background population frequency of very rare
benign variants, which are difficult to classify due to lack of
information. Indeed, as many as 10 of 11 of these variants
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were scored as variants of unknown significance by all three
evaluators who were blinded to case/control status.

We also screened for variants in seven other rare causes of
MODY genes (ABCCS8, KCNJ11, BLK, KLF11, NEURODI,
PAX4 and PDXI) (presented in ESM Tables 5 and 6). CEL
was not included due to poor sequence quality. Sequence var-
iants identified in ABCCS8 and KCNJ11, that can cause both
permanent neonatal diabetes, hyperinsulinaemic
hypoglycaemia and probably MODY, were classified with
respect to MODY (ESM Table 5). The four class 4 and 5
ABCCS variants associated with congenital hyperinsulinism
were excluded from the statistical analysis. Of the remaining
17 individuals with a class 3—5 variant in ABCCS8 or KCNJ11,
one patient diagnosed with diabetes at 2 months of age had the
recurrent p.Val59Met class 5 KCNJ!1 variant known to cause
permanent neonatal diabetes [23]. This patient was known to
have KCNJII-permanent neonatal diabetes and was treated
with a sulfonylurea. All the other variants were classified as
being of unknown significance (class 3), due to there being
little or no available evidence to support or refute their possi-
ble pathogenicity. Notably, there was no difference in the per-
centage of class 3—5 variant carriers for these two genes when
comparing antibody-negative patients with antibody-positive
patients, suggesting that most are benign. Furthermore, the
clinical characteristics of the antibody-negative carriers of
class 3—5 variants in ABCC8 and KCNJ11 showed no differ-
ences from those without variants. An exception is the class 5
variant in KCNJI! causing permanent neonatal diabetes
(ESM Table 7).

We detected 52 rare variants in the remaining five MODY
genes (BLK, KLF11, NEURODI, PAX4 and PDXI). We could
not classify these variants due to lack of published information
regarding their clinical significance; only the bioinformatics
interpretation is presented (ESM Table 6). We found no dif-
ferences in frequencies between antibody-negative and
antibody-positive patients.

Our main finding that at least up to 6.5% of antibody-negative
children with diabetes have MODY is somewhat lower than the
proportion reported in other studies [11-14]. Still, our data might

be more robust. The NCDR includes close to all children less
than 15 years of age with newly diagnosed diabetes in Norway.
Thus, our data should give a precise number of the true preva-
lence of MODY in the most relevant population of children with
diabetes (i.e. the antibody-negative cases). It should be noted that
the NCDR holds data from children with newly discovered dia-
betes and who are admitted to hospitals that have robust routines
for inclusion in the registry. Thus, cases diagnosed in outpatient
clinics are likely under-represented. Hence, it is not surprising
that the frequency of GCK mutations found in our study is much
lower than in a recent study performed in clinics with particular
MODY awareness [14]. Additionally, the age limit of most chil-
dren’s hospitals in Norway is 15 years of age, which is likely in
the lower range of age of diagnosis of MODY. A somewhat
higher prevalence may be found in countries that use a higher
age limit for defining paediatric diabetes.

A precise diagnosis of MODY is important for treatment
and genetic counselling. Patients with pathogenic GCK vari-
ants usually need no pharmacological treatment, except dur-
ing pregnancy when close monitoring is needed since the
relative insulin resistance often leads to more severe diabetes
with a need for insulin [24]. It should, however, be noted that
some patients might have double diabetes (i.e. both type 1
diabetes and GCK-MODY). For individuals carrying patho-
genic HNFIA or HNF4A variants, sulfonylurea is the treat-
ment of choice. Table 3 illustrates 5 of 19 individuals in the
antibody-negative group who were carriers of pathogenic
HNFIA or HNF4A variants and used insulin when discharged
from hospital 2 weeks after diabetes diagnosis. This indicates
that the clinical presentation of these forms of MODY might
be difficult to distinguish from that of type 1 diabetes at diag-
nosis. A precise molecular diagnosis, if known, therefore
may lead to change of treatment. Thus, this study may
lead to a change in treatment in patients carrying patho-
genic variants. For the novel variants discovered, we will
perform functional testing that will be included in the
evaluation of possible change of treatment [25]. The
high risk of recurrence for MODY is important regarding
genetic counselling.

@ Springer
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Table 4  Clinical characteristics of antibody-negative patients analysed according to the presence of class 3—5 genetic variants in HNFIA, HNF4A,

HNFIB, GCK and INS

Characteristic Class 3—5 variant found Class 3—5 variant not found RR 95% CI p value
Binomial variables
Family history of diabetes 48 (10/21) 13 (30/237) 3.7 2.1,6.6 <0.001
HbA | <7.5% (<58 mmol/mol) 68 (17/25) 34 (131/384) 2.0 1.5,2.7 <0.001
Insulin treatment 40 (10/25) 97 (377/388) 041 0.25,0.67 <0.001
Sulfonylurea treatment 28 (7/25) 1.8 (7/388) 15.5 5.9,41 <0.001
Diet treatment only 20 (5/25) 1 (4/388) 19.4 5.6, 68 <0.001
Ketoacidosis 0% (0/27) 8% (34/412) - - -
Continuous variables
HbA . - - 0.058
% 7.5+2.0 8.1+1.5
mmol/mol 58+22° 65+16
Daily insulin consumption, U/kg 0.28+0.4" 0.87+0.5° - - <0.001
BMI SDS 0.98+1.1* 0.35+1.0¢ - - 0.004
Age of onset, years 11.1+£3.0° 9.0+4.2f - - 0.004

Values for binomial variables are presented as percentage (no. of patients with outcome/total number of patients) and values for continuous variables are

presented as mean + SD

Data were collected at the last annual check-up, except for family history, ketoacidosis and age at diagnosis, which were recorded at diagnosis

n=25;"n=384; °n=385; 9n=383;°n=27; fn=411
BMI SDS, SDS of baseline median BMI

We found that clinical criteria alone are not sufficient
to detect all MODY patients in a population, as around
one-third of the individuals with MODY in the Norwegian
paediatric diabetes population had not been referred to
molecular screening using current clinical practise.
Reasons for this might include lack of awareness about
the MODY phenotype and criteria for genetic testing in
children with diabetes. Thus, there is a need for better
information and more robust ‘best practise’ for diagnosing
MODY. It might now be time to consider screening for
the common MODY genes in all children and adolescents
who develop autoantibody-negative diabetes.

Prior to this study, two-thirds of the patients carrying
MODY variants were already diagnosed, most likely
explaining why individuals carrying a class 3—5 variant
in one of the five MODY genes had lower HbA . levels
and insulin requirements than individuals with a class 1 or
2 variant. HbA . levels were similar in patients harbouring a
class 3 variant and those harbouring class 4 or 5 variants but
not class 1 or 2 variants. This is interesting since several in the
class 3 variant group had not received a MODY diagnosis
prior to this study. Thus, individuals with class 3 variants, as
well as those with class 4 or 5 variants, respond to
personalised treatment, with improved metabolic control. It
is therefore important to identify individuals who carry class
3-5 variants and ensure that they receive correct treatment.
Hence, we believe a precise diagnosis will improve treatment
of patients with impaired fasting glucose and diabetic patients,

provide more appropriate genetic counselling and enable
better prediction of diabetes-related late complications.

There are limitations to our study. We did not screen all the
3882 children with type 1 diabetes in the NCDR. Genetic
screening of children who were positive for only one of the
two autoantibodies might increase the diagnostic yield [26].
We did not include antibodies against insulin and zinc trans-
porter 8 (ZnT8) in our study since these were not part of
routine antibody screening when the NCDR started in 2002.
Inclusion of ZnT8 antibodies are now included in our routine
screen. Also, the upper normal limit for anti-GAD and anti-
[A-2 is < 1 U/ml and setting the cut-off at a lower level might
refine the results even more.

Recently, a new biomarker for HNF'/A, high-sensitivity C-
reactive protein, has been reported [15, 27]. Presently, this bio-
marker is not in routine use in our registry. Urinary and serum
C-peptide levels persist in patients with MODY who retain
endogenous beta cell function [28, 29]. A recent study from
the UK showed that the biomarkers efficiently identify paedi-
atric patients appropriate for genetic screening [14]. These
markers have not been included in our routine screening since
the analysis in Norway is done when diabetes is detected. At the
time of diagnosis some children with type 1 diabetes will have
an endogenous insulin production and the test would therefore
not be able to differentiate between the groups. A new test after
some years would be more valuable, but has probably not been
included in the follow-up programme in Norway since antibod-
ies are measured at diagnosis.

@ Springer
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In conclusion, we found that 4.1-6.5% of children with
antibody-negative diabetes, listed in the NCDR, have se-
quence variants that most likely are pathogenic and compati-
ble with a diagnosis of MODY. Moreover, one-third of the
cases were not picked up by clinical criteria alone. We there-
fore suggest screening all antibody-negative children for path-
ogenic variants in the most common MODY genes, to im-
prove diagnosis and treatment as part of the new precision
medicine.
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