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Aims: Our study aims were to determine the frequency of MODY mutations (HNF1A, HNF4A,
glucokinase) in a diverse population of youth with diabetes and to assess how well clinical features
identify youth with maturity-onset diabetes of the young (MODY).

Methods: The SEARCH for Diabetes in Youth study is a US multicenter, population-based study of
youth with diabetes diagnosed at age younger than 20 years. We sequenced genomic DNA for
mutations in the HNF1A, HNF4A, and glucokinase genes in 586 participants enrolled in SEARCH
between 2001 and 2006. Selection criteria included diabetes autoantibody negativity and fasting
C-peptide levels of 0.8 ng/mL or greater.

Results: We identified a mutation in one of three MODY genes in 47 participants, or 8.0% of the
tested sample, for a prevalence of at least 1.2% in the pediatric diabetes population. Of these, only
3 had a clinical diagnosis of MODY, and the majority was treated with insulin. Compared with the
MODY-negative group, MODY-positive participants had lower FCP levels (2.2 � 1.4 vs 3.2 � 2.1
ng/mL, P � .01) and fewer type 2 diabetes-like metabolic features. Parental history of diabetes did
not significantly differ between the 2 groups.

Conclusions/Interpretation: In this systematic study of MODY in a large pediatric US diabetes cohort,
unselected by referral pattern or family history, MODY was usually misdiagnosed and incorrectly
treated with insulin. Although many type 2 diabetes-like metabolic features were less common in the
mutation-positive group, no single characteristic identified all patients with mutations. Clinicians
should be alert to the possibility of MODY diagnosis, particularly in antibody-negative youth with
diabetes. (J Clin Endocrinol Metab 98: 4055–4062, 2013)
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Monogenic diabetes results from a single gene muta-
tion. The most common types of monogenic dia-

betes are the autosomal dominant forms known as matu-
rity-onset diabetes of the young (MODY). In patients with
nonsyndromic diabetes, greater than 99% of MODY with
a known genetic etiology results from mutations in hepa-
tocyte nuclear factor (HNF)-1A (formerly MODY3), glu-
cokinase (GCK) (MODY2), or HNF4A (MODY1) (1).
Although mutations in other genes have been shown to
cause MODY (2), they are very rare and genetic testing is
not recommended unless other syndromic features are
present (3). Thus, hereafter in this report, the general term
MODY refers to HNF1A-, HNF4A-, and GCK-MODY.
Studies have estimated that MODY accounts for less than
1%–2.4% of pediatric diabetes cases (4–6).

Patients with HNF1A- and HNF4A-MODY present
with signs and symptoms of hyperglycemia, including
polyuria, polydipsia, and nocturia. Patients with GCK-
MODY are often diagnosed incidentally when mild hy-
perglycemia is found on routine blood glucose screening.
The clinical diagnosis of MODY is usually based on the
following criteria: autosomal inheritance of diabetes, in-
sulin independence, and age at onset younger than 25
years (7). In recent years, researchers have attempted to
identify inexpensive and widely available biomarkers that
are sensitive and specific for identifying persons with
MODY mutations. C-reactive protein (CRP) has exhib-
ited the most promise for identifying HNF1A-MODY but
not other MODY subtypes (8, 9).

The aims of this study were as follows: 1) to estimate
the frequency of children with the 3 most common ge-
netic etiologies of MODY in a diverse population of
youth with diabetes, 2) to determine whether geneti-
cally diagnosed MODY patients were correctly clini-
cally diagnosed and treated by their health care provid-
ers, and 3) to evaluate the clinical characteristics of
genetically diagnosed MODY patients.

Materials and Methods

Study design
For this study of monogenic diabetes, a subset of SEARCH for

Diabetes in Youth study participants who completed a research
visit and had a fasting C-peptide (FCP) level of 0.8 ng/mL or
greater and negative results for selected diabetes autoantibodies
(DAAs) were tested for the 3 most common forms of MODY:
HNF1A, HNF4A, and GCK. The rationale for selecting these 3
genes for testing is detailed in the online appendix.

Study population
SEARCH is a population-based study that ascertained cases

of nongestational diabetes in youth ages less than 20 years of age
in the United States with the goal of identifying all existing (prev-

alent) cases in 2001 and all newly diagnosed (incident) cases in
subsequent calendar years. The SEARCH study was conducted
in 6 clinical centers located in California, Colorado, Hawaii,
Ohio, South Carolina, and Washington. Youth with diabetes
mellitus were identified in 4 geographically defined populations
in Ohio (8 counties encompassing and surrounding Cincinnati);
Washington (5 counties encompassing and surrounding Seattle);
South Carolina (4 counties); and Colorado (13 counties); among
health plan enrollees in Hawaii (Hawaii Medical Service Asso-
ciation, MedQuest, Kaiser Permanente Hawaii), and California
(Kaiser Permanente Southern California, excluding San Diego);
and coordinated by the Colorado center, from health service
beneficiary roles in several reservation-based American Indian
populations. The study covers a population at risk of more than
5 million children, representing approximately 6.2% of the US
population under the age of 20 years. A detailed description of
the SEARCH study methods has been published elsewhere (10).

To identify all youth with diabetes, the centers established
active surveillance systems based on networks of pediatric and
adult endocrinologists, existing pediatric diabetes databases,
hospitals, health plan databases, and other health care providers.
Data sources included case reports from pediatric endocrinolo-
gists and linkage of clinical databases, which included informa-
tion on prescriptions, inpatient, and outpatient encounters with
an International Classification of Diseases, ninth revision, Clin-
ical Modification, code for diabetes, and laboratory measures of
glycosylated hemoglobin (A1c). Using a protocol that con-
formed to the Health Insurance Portability and Accountability
Act of 1996, youth with diabetes were asked to complete a brief
survey that included their age at diagnosis, race/ethnicity, and a
limited health history. Diabetes type was based on the provider’s
diagnosis at the time of case ascertainment.

Youth with nonsecondary diabetes mellitus who responded
to this survey were invited to a study visit (registered SEARCH
cases with baseline in person visit, Figure 1). Written informed
assent and/or consent were obtained from all study participants
and from parents/guardians of participants younger than 18 year
of age in accordance with the guidelines established by the local
institutional review board. During the study visit, additional in-
formation was collected, including symptoms at presentation,
family history of diabetes in first-degree relatives and grandpar-
ents, and medication use. Blood was drawn for measurement of
the DAAs glutamic acid decarboxylase 65 (GAD65) and islet-
antibody 2 (IA2), A1c, FCP, high-sensitivity CRP (hsCRP), and
lipids; genomic DNA was extracted from peripheral leukocytes
and stored for genetic studies. The visit occurred after an over-
night fast, under conditions of metabolic stability, defined as no
episode of diabetic ketoacidosis during the previous month and
a fasting blood glucose of less than 300 mg/dL. All medicines as
well as rapid-acting insulin administration were discontinued the
night before the visit. A physical examination was performed to
measure blood pressure, height, weight, and waist circumference
and to assess for acanthosis nigricans. Body mass index (BMI)
was calculated and converted to BMI Z-score using the standard
Centers for Disease Control and Prevention approach. Insulin
sensitivity index was estimated using the following equation:
insulin sensitivity (IS) � exponential [4.64725 � 0.02032(waist,
centimeters) � 0.09779(A1c, percentage) � 0.00235(triglycer-
ides, milligrams per deciliter)] (11). The insulin sensitivity index
was developed and validated in a subset of SEARCH participants
and matched nondiabetic control individuals who had direct
measurements of glucose disposal rate from euglycemic-hyper-
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insulinemic clamps (11). The major component of the formula
explaining 60% of the variance in measured glucose disposal,
regardless of provider-determined diabetes type, or case/control
status, was waist circumference (11). We then established the
range of IS for nondiabetic youth by applying the aforemen-
tioned equation to 2860 multiracial nondiabetic youth aged
12–20 years participating in the US National Health and Nutri-
tion Examination Survey in 1999–2004 (12).

Selection criteria for study sample
This report is based on DNA from 586 youth: 140 prevalent

cases in 2001 and 446 incident cases diagnosed in 2002 through
2006 who participated in the SEARCH study visit and met eli-
gibility criteria for genetic screening (see Figure 1). Eligibility
criteria included the following: negativity for both the GAD65
and IA2 DAAs, FCP of 0.8 ng/mL or greater, stored DNA, and
written consent for genetic testing. Additional selection criteria
for GCK testing included A1c less than 7.5%, as in 303 UK
patients with GCK mutations younger than 40 years of age, and
no individual having an A1c greater than 7.5% (Hattersley,
A. T., and S. Ellard, unpublished data).

Laboratory methods
GAD65 and IA2 autoantibodies were measured using a stan-

dardized radioligand-binding assay protocol and a common se-
rum calibrator developed by the National Institute of Diabetes
and Digestive and Kidney Diseases-sponsored standardization
group (13). FCP levels were obtained during conditions of met-
abolic stability, at the same time as DAA, at a median of 13.0
(interquartile range 6.0–22.0) months after diagnosis, and were
measured by a 2-site immunoenzymetric assay (Tosoh 1800;
Tosoh Bioscience Inc). Measurements of serum lipids (choles-
terol, triglycerides, low-density lipoprotein and high-density li-
poprotein cholesterol) were performed using Roche reagent on a
Roche Modular-P autoanalyzer (Roche Diagnostics). A1c was
measured by a dedicated ion exchange HPLC instrument
(TOSOH G7; Tosoh Bioscience). hsCRP was measured using
Siemens reagent on a BN2 nepholometer autoanalyzer (Siemens

Instruments). All analyses were per-
formed at the Northwest Lipid Research
Laboratory(UniversityofWashington,Se-
attle, Washington).

Human leukocyte antigen (HLA)
class II genotyping for HLA DRB1,
DQA1, and DQB1 was performed in
the laboratories of Drs L. K. Gaur
(Genomic Research Laboratory, Puget
Sound Blood Center, Seattle Washington)
and H. Erlich (Roche Molecular Systems).
Oligonucleotide probes corresponding to
known polymorphic sequence motifs in
HLA DRB1, DQA1, and DQB1 loci were
immobilized on nylon membranes. The
polymorphic second exons of DQA1,
DQB1, and DRB1 were amplified using
labeled primers (biotinylated), dena-
tured, and hybridized to the immobilized
probe array. Preliminary genotype data
were imported into Sequence Compila-
tion and Rearrangement Evaluation soft-
ware for final genotype determination
(14, 15). HLA genotypes were catego-

rized as follows: susceptible, DR3/4 (4 genotypes), DR4/4 (4
genotypes), DR4/8 (4 genotypes), DR4/1 (1 genotype), DR 4/13
(1 genotype), DR 3/3 (1 genotype), DR 3/9 (1 genotype), DR 4/9
(2 genotypes), and DR 9/9 (1 genotype); neutral, DR4**/X*,
DR3/X (where X � other non-high risk genotype), DR3/4-non-
DQB1*0302, and DR4/DR4-DQB1*0301; and protective, DR-
0403, DR2-DQB1*0602, DR7-DQB1*0303, and DR14-
DQB1*0503, as recommended by the type 1 Diabetes Genetic
Consortium, with modifications for the multiethnic population (14).

Mutational analysis
Genetic testing for HNF1A, HNF4A, and GCK was per-

formed by the Department of Molecular Genetics, Royal Devon
and Exeter National Health Service Foundation Trust (United
Kingdom) as follows: the coding exons and conserved splice sites
of HNF1A (n � 586), HNF4A (n � 569), and GCK (n � 357)
were amplified by PCR. Primers and reaction conditions are
available upon request. Sequence-specific primers for each am-
plicon were tagged with 5� M13 tails to allow sequencing to be
performed with a universal M13 primer. Single-strand sequenc-
ing was carried out using standard methods on an ABI 3730
(Applied Biosystems). Sequences were compared with the pub-
lished reference sequences (accession numbers NM_000545.5,
NM_000457.3, and NM_000162.3) using Mutation Surveyor
version 3.24 (SoftGenetics). Any changes in the sequence were
checked against published polymorphisms and mutations, the Ex-
eter laboratory database, which includes GCK, HNF1A, and
HNF4A sequence data for more than 1000 individuals. Novel mis-
sensemutationsor in-framedeletionswereclassifiedashighly likely
to be pathogenic if they affect an amino acid conserved through
evolution.

Statistical analysis
Summary statistics on clinical and laboratory measures were

calculated for the MODY� and the MODY� groups. Means
and SDs were calculated for continuous measures and percent-
ages for categorical measures. Differences for categorical and

Figure 1. Study sample, criteria used to select sample for screening for MODY, and MODY
screening results. *, Reasons for not testing for HNF1A, HNF4A, or GCK included lack of consent
for genetic testing, failed sequencing, and insufficient DNA sample; **, only 357 patients (61%)
with A1c less than 75% were tested for GCK-MODY. MODY included HNF1A, HNF4A, and GCK.
DAAs measured included glutamic acid decarboxylase 65 IA2.
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continuous measures between the MODY� and the MODY�
groups were evaluated using nonparametric Fisher’s exact and
Wilcoxon rank-sum tests, respectively, due to the relatively small
sample size of the MODY� group. Statistical comparisons be-
tween different MODY subtypes were not performed due to the
low numbers of participants in each group. All analyses were
computed using SAS version 9.2 (SAS Institute), and significance
was determined using a 2-sided significance level of P � .05.

Results

Frequency of MODY variants in the study sample
Among 586 youth, we identified 49 variants in the

HNF1A, HNF4A, or GCK genes in 47 participants that
were either proven mutations (n � 37) or novel highly
likely pathogenic mutations (n � 12). The specific muta-
tions are listed in Supplemental Table 1, published on The
Endocrine Society’s Journals Online web site at http://jcem.
endojournals.org, and include 27 HNF1A mutations, 8
HNF4Amutations,and14GCKmutations.Oneparticipant
had 2 different HNF1A mutations and one had mutations in
both HNF1A and HNF4A; the latter participant’s data are
subsequently included with the HNF1A mutation carriers.
Thus, the frequency of mutation carriers was 4.4% for
HNF1A, 1.2% for HNF4A, and 2.4% for GCK. The overall
frequency of having one of the 3 most common forms of
MODY among DAA-negative participants with preserved
FCP was 8.0%.

Clinical diagnosis
Only 6% of MODY� individuals (3 of 47) were cor-

rectly identified as MODY by their provider clinically: 2
with HNF1A and 1 with HNF4A. Most MODY� par-
ticipants were diagnosed by the provider as type 1 diabetes
(36%) or type 2 diabetes (T2D; 51%).

Demographic/clinical/biochemical characteristics
Most MODY� participants were of minority ethnicity

(64%), largely African American (20%) and Hispanic
(31%), as well as Asian/Pacific Islander (11%) (Table). Fre-
quencyofminorityethnicity inMODY�didnotsignificantly
differ from the MODY� group (64% vs 67%, P � ns), sug-
gesting that it was reflective of the underlying racial/ethnic dis-
tributionof thegroup tested forMODYbutdiddiffer fromthe
larger SEARCH population (64% vs 31%, P � .01).

A comparison of classical MODY diagnostic criteria (age
of diagnosis � 25 years, not insulin dependent, and a dom-
inant family history) between MODY� and MODY�
groups showed these were not good discriminating fac-
tors. MODY� participants were slightly younger at
diagnosis (11.5 � 3.9 vs 13.3 � 3.1 years, P � .01) and had
a lower FCP (2.2 � 1.4 vs 3.2 � 2.1 ng/mL, P � .01) (Table
1), but these measures did not differentiate well on an

individual basis. Parental history of diabetes did not differ
between the 2 groups (50% vs 51%, P � 1.00). Susceptible
HLA genotype differed significantly between MODY�

and MODY� groups (2% vs 12%, P � .05). MODY� (vs
MODY�) participants demonstrated a significantly lesser
degree of T2D-like features, including a lower BMI Z-
score (1.2 � 1.0 vs 1.8 � 1.0, P � .01), lower prevalence
of acanthosis nigricans (40% vs 61%, P � .01), a smaller
waist circumference (84.9 � 19.2 vs 103.0 � 25.1 cm, P �

.01), lower CRP levels (0.15 � 0.22 vs 0.45 � 1.01 mg/dL,
P � .01), and a higher IS index (8.6 � 4.0 vs 5.4 � 3.4, P �

.01). Of note, the differences in hsCRP and C-peptide be-
tween the 2 groups were no longer significant after ad-
justing for waist circumference and BMI Z-score, suggest-
ing that these differences are not inherent to the 2 groups
but are primarily due to adiposity differences (Table 1).
The MODY� and MODY� groups did not have any sig-
nificant differences in symptoms at clinical presentation,
including weight loss (44% vs 49%), polyuria, polydipsia,
or nocturia (82% vs 86%), gastrointestinal symptoms
(59% vs 65%), or diabetic ketoacidosis within 6 months
of diagnosis (23% vs 25%, all comparisons MODY� vs
MODY�). Other clinical and biochemical characteristics
that were similar between the MODY� and MODY�

groups included A1c, birth weight, hypertension, hyper-
triglyceridemia, and dyslipidemia (see Table 1).

Pharmacological treatment
Participants with genetically identified MODY were

seldom on an appropriate treatment, with only 11 (24%)
being on sulfonylureas or no pharmacological treatment
(Table 1). Most participants with HNF1A and HNF4A
mutations were treated with insulin (58% and 67%, respec-
tively) and/or metformin (48% and 50%, respectively). Of
the 3 MODY� participants identified as MODY by their
provider, 2 were treated appropriately, one with a sulfonyl-
urea and the other with diet alone. None of the HNF4A-
MODY participants were treated with a sulfonylurea, in-
cludingonewhowasdiagnosedbytheproviderwithMODY
and being treated with insulin and metformin. Nearly half of
the GCK-MODY participants were treated with insulin
(27%) and/or an oral glucose-lowering agent (23%). The
treatment regimens of the MODY� group as a whole were
similar to that of the MODY� group.

Discussion

In this report of systematic screening for the 3 most com-
mon MODY subtypes in SEARCH participants who were
DAA negative with a fasting C-peptide of 0.8 ng/mL or
greater, the frequency of a genetic diagnosis of HNF1A-,
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Table 1. Demographic, Clinical, and Biochemical Characteristics and Pharmacological Treatment at the Time of the
SEARCH Study Visit of Youth Screened for MODY by Genetically Defined MODY Status and MODY Type

Total Sample Screened
(n � 586)

Positive for MODY by Genetic Testing
(n � 47)

MODY�
(n � 539)

MODY�
(n � 47)

HNF1A-MODY
(n � 26)

HNF4A-MODY
(n � 7)

GCK-MODY
(n � 14)

Demographic characteristics
Male gender 41% 38% 27% 50% 54%
Race/ethnicity

Non-Hispanic white 33% 36% 31% 50% 38%
African American 34% 20% 23% 0% 23%
Hispanic 23% 31% 35% 17% 31%
Asian/Pacific Islander 9% 11% 8% 33% 8%
Other/unknown 1% 2% 4% 0% 0%

Clinical/biochemical characteristics
ascertained at the time of the
SEARCH study visit

Age at diagnosis, y 13.3 � 3.1a 11.5 � 3.9 12.2 � 3.0 11.4 � 5.2 10.2 � 4.7
Age at the research visit, y 15.2 � 3.2 13.6 � 3.4 13.7 � 2.9 15.8 � 3.8 12.3 � 3.7
Diabetes duration, y 1.6 � 1.8 1.3 � 1.7 1.2 � 1.1 2.1 � 3.1 1.1 � 1.8
Parental history of diabetes, % 51% 50% 52% 71% 30%
A1c, % 7.5 � 2.2 6.8 � 1.5 6.9 � 1.7 7.3 � 1.4 6.4 � 0.4
Weight, kg 88.2 � 31.4a 65.5 � 29.6 70.4 � 27.8 69.0 � 29.1 53.9 � 32.5
Height, m 1.64 � 0.14a 1.57 � 0.18 1.60 � 0.17 1.64 � 0.15 1.48 � 0.18
BMI, kg/m2 32.4 � 10.3a 25.4 � 7.5 26.7 � 6.8 25.2 � 8.0 22.8 � 8.4
BMI Z-score 1.8 � 1.0a 1.2 � 1.0 1.5 � 0.9 0.8 � 1.4 0.9 � 1.1
Waist circumference, cm 103.0 � 25.1a 84.9 � 19.2 89.9 � 18.6 78.8 � 12.4 76.6 � 20.5
Fasting C-peptide, ng/mL 3.2 � 2.1a 2.2 � 1.4 2.3 � 1.2 2.1 � 1.4 2.1 � 1.8
Fasting C-peptide, ng/mL, adjusted by

zBMI (�SE)
3.2 � 0.1 2.8 � 0.3 2.1 � 0.2 2.4 � 0.5 2.4 � 0.3

hsCRP, mg/dLb 0.45 � 1.01a 0.15 � 0.22 0.09 � 0.11 0.07 � 0.10 0.26 � 0.32
hsCRP, mg/dL, adjusted by zBMI (�SE)b 0.43 � 0.05 0.24 � .19 0.06 � 0.05c 0.09 � 0.11 0.29 � 0.07
IS index 5.4 � 3.4a 8.6 � 4.0 7.3 � 3.6 9.8 � 2.8 10.7 � 4.2
IS index, adjusted by zBMI, gender, and

age at the time of the SEARCH study
visit (�SE)

5.6 � 0.1a 6.5 � 0.3 8.5 � 0.4 8.9 � 0.8 9.2 � 0.5

Birth weight, kg 3.3 � 0.7 3.1 � 0.9 3.1 � 1.0 3.2 � 0.3 3.2 � 0.5
Hypertension, % 17% 9% 8% 33% 0%
Elevated triglycerides, % 30% 20% 27% 17% 8%
Dyslipidemia, % 73% 60% 69% 67% 38%
Acanthosis nigricans, % 61%a 40% 50% 33% 23%
Susceptible HLA, %c 12%c 2% 4% 0% 0%

Pharmacological treatment at the time of
the SEARCH study visit

Treated with insulin, % 61% 51% 58% 67% 27%
Insulin dose, U/kg � dd 0.57 � 0.40 0.47 � 0.30 0.49 � 0.33 0.61 � 0.20 0.14 � 0.03

Treated with OHA, % 61% 51% 65% 50% 23%
Sulfonylurea, % 5% 5% 8%e 0%e 0%
Metformin, % 51% 41% 48% 50% 23%
Other/unknown OHA, % 14% 13% 18% 0% 0%

No pharmacological treatment, % 10% 19% 8% 0% 55%e

Abbreviation: OHA, oral hypoglycemic agent. Data are percentage or mean � SD (or �SE for adjusted measures). Hypertension is the systolic or
diastolic blood pressure greater than the 95th percentile for age, sex, and height (32); elevated triglycerides are fasting triglycerides greater than
150 mg/dL; dyslipidemia is triglycerides greater than 150 mg/dL, low-density lipoprotein greater than 100 mg/dL, high-density lipoprotein less than
35 mg/dL, or taking lipid-lowering medication; and susceptible HLA is HLA types predisposing to type 1 diabetes, as defined in Materials and
Methods. Some HNF1A-MODY and HNF4A-MODY patients were treated with both insulin and an oral glucose-lowering agent.
a P � 0.01; MODY� compared with all MODY� combined.
b Data were available on a subset of participants (334 MODY�, 27 MODY�, 14 HNF1A-MODY, 3 HNF4A-MODY, and 10 GCK-MODY).
c P � .05.
d Insulin dosage information available for 261 of 586 youth in the cohort.
e Appropriate clinical treatment for each MODY subtype.
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HNF4A-, or GCK-MODY was 8.0%. Applied to the
larger sample of youth who participated in a SEARCH
study visit and had negative DAA and preserved FCP (n �

730), this results in an estimated prevalence of these 3
MODY subtypes of at least 1.2% in this US population-
based study of pediatric diabetes. Applying this propor-
tion to the SEARCH prevalence estimate of 182 diabetes
cases per 100 000 for youth younger than 20 years of age
in 2001 (16), the prevalence of monogenic diabetes in
the US pediatric population is approximately 2.1 per
100 000. This is likely to be a minimum prevalence be-
cause exonic deletions and noncoding regions outside the
conserved splice sites were not studied. Furthermore, there
may be other MODY cases who were not screened because
they were DAA positive or had a FCP less than 0.8 ng/ml.

We tested for GCK-MODY only in those participants
with A1c less than 7.5, based on prior experience in a
European cohort that was predominantly normal weight;
it is possible that we may have missed some cases of glu-
cokinase-MODY by excluding those with an A1c of 7.5%
or greater because some youth in our diverse cohort may
have had both GCK-MODY plus obesity-associated in-
sulin resistance, resulting in more severe hyperglycemia. In
addition, we assumed that youth who participated in a
study visit were similar in clinical characteristics to those
who did not (50% of the study population). Nevertheless,
this study provides the best prevalence estimate to date of
MODY in the US pediatric population. Several European
studies have estimated that MODY accounts for anywhere
from less than 1% to 2.4% of pediatric diabetes cases (4–6),
but these estimates are largely based on clinical, rather than
genetic, diagnoses. In addition, these studies were performed
in studies that were largely Caucasians. Our results, which
areconsistentwiththeEuropeanestimates, represent thefirst
systematic study of MODY mutations in a large pediatric
diabetes cohort, unselected by referral pattern or clinical fea-
tures such as parental history of diabetes.

Negative DAA and preserved �-cell function were used
as screening criteria because previous studies have shown
that the vast majority of individuals confirmed to have
MODY in a population-based screening would fall into
that category (17). To our knowledge, no patients below
the age of 20 years have been reported with the common
subtypes of MODY and undetectable C-peptide levels
(18). Although there have been reports of positive DAA in
patients with MODY (6), in a large robustly conducted
study of more than 500 patients with MODY, only 1% of
subjects had positive antibodies (17). Based on our current
understanding of the pathophysiology of MODY, auto-
immunity is not likely to play a major role, so few cases will
be missed by this screening approach.

When a patient with diabetes first presents for medical
attention, the clinician must assess diabetes type to insti-
tute appropriate management. Classic MODY criteria of
age at diagnosis younger than 25 years, an autosomal
dominant family history for diabetes, and preserved �-cell
function were established before T2D was diagnosed in
children and are best for discriminating MODY from type
1 diabetes (7). Although a strong autosomal dominant
mode of inheritance of diabetes may provide information
to distinguish between type 1 diabetes and MODY, this
study demonstrates that family history is not very sensi-
tive, with only half of MODY� participants reporting a
parental history of diabetes. Family history was not useful
in differentiating MODY� from MODY� participants,
nor was it useful in differentiating them from clinically
diagnosed T2D participants (data not shown). We are
likely to have underestimated the true frequency of posi-
tive family history of diabetes because we used self-report
as the method of assessment, and parental diabetes may be
undiagnosed if they have not been tested. However, this is
not likely to be significantly different between groups or
from that occurring in clinical practice.

With a rising prevalence of obesity in children (19),
T2D is becoming increasingly more common, with ap-
proximately 12% of teenagers with newly diagnosed di-
abetes in the United States now classified as having T2D
(20). In our study, the exclusion by DAA and FCP mea-
surements meant that our patients predominantly had
nonautoimmune diabetes; hence, the major differential
diagnosis was with T2D. Although many T2D-like char-
acteristics were significantly more common in MODY�
compared with MODY� patients, none of these were dis-
criminatory at the individual level. For example, more
than half of the MODY� participants had at least one
metabolic abnormality associated with T2D and 64%
were of minority ethnicity. MODY has been studied in
some non-Caucasian populations (21, 22), but most ge-
netic testing has been performed in homogeneous Euro-
pean Caucasian populations (1, 4, 5, 23–25). A study of
UK children with clinical diagnoses other than type 1 di-
abetes found that MODY is present in UK Asians, but the
number of Asian families referred for genetic testing was
lower than expected, either because these families declined
testing or because they were assumed to have T2D (26).

In our study, nonadjusted hsCRP levels were lower in
the MODY� group as a whole; however, using less than
0.075 mg/dL as a cutoff for genetic screening (8) would
have missed 41% of MODY patients (11 of 27), including
5 of 14 HNF1A-MODY patients. In addition, the ob-
served significant in differences in hsCRP and FCP be-
tween the 2 groups disappeared after adjustments were
made for adiposity differences, suggesting that such dif-
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ferences are not inherent to being MODY positive or neg-
ative. Thus, this study questions whether the classical clin-
ical criteria or the currently available biomarkers are
sufficiently specific and sensitive to reliably identify can-
didates for genetic testing.

Thedifficultyof identifyingappropriatepatients to screen
for MODY mutations is illustrated by the very low rate of
correct clinical MODY diagnoses in the SEARCH partici-
pants. Only 3 of the 47 MODY� participants had a clinical
diagnosis of MODY. An important consequence of misdi-
agnosis is incorrect clinical treatment. Mutations in the tran-
scription factors HNF1A and HNF4A result in a reduced
insulin secretory response to glucose but show marked sen-
sitivity to low-dose sulfonylureas (27–29). This therapy is a
marked departure from the exogenous insulin requirement
seen inmostyouthwithdiabetes. Furthermore,patientswith
GCK mutations have altered glucose sensing by the �-cell,
resulting in a mild defect in insulin secretion (30). These pa-
tients do not require any pharmacological treatment and do
not develop diabetes complications (2, 31). Another conse-
quence of misdiagnosis is the missed opportunity for genetic
counseling and early diagnosis in siblings and other relatives
including the patients’ offspring who have a 50% risk for
developing the same condition.

The major strengths of this study are the large size, diversity
of the tested cohort, and the systematic approach to genetic
testingusing laboratoryrather thanclinicalcriteria.Limitations
include the fact that selection criteria for genetic testing were
basedon2DAAsonlyandFCPlevelsobtainedatabaselinevisit
on participants with variable diabetes duration. We did not
screenparticipantswhowereDAApositiveand/orwhohadlow
FCP; therefore, our approach could potentially have underes-
timated theprevalenceofMODY. Inaddition,potential causal
mutations outside coding exons or heterozygous deletions of
coding exons or regulatory sequences would be missed by the
genetic testsperformed,alsocontributing to thepossibleunder-
estimation of the prevalence of MODY. Finally, in most cases
for novel mutations identified by this study, the pathogenicity
was determined by assessment of protein conservation across
species,ratherthanbytrackingcosegregationofmutationswith
disease within a family because family testing was not
performed.

In conclusion, MODY due to the 3 most common genetic
etiologiesisnotuncommoninthepediatricdiabetespopulation,
with an estimated prevalence of at least 1.2%, the diagnosis is
often missed, and MODY patients are often inappropriately
treated. Among a population enriched for MODY� partici-
pants(nonautoimmune,withpreserved�-cellfunction),clinical
and biochemical characteristics, including a family history, do
not clearly identify those with monogenic diabetes. A correct
diagnosis of MODY has clinical implications for the patients
andpotentiallyforfamilymembers.Misdiagnosisandinappro-

priatetreatmentmayhaveasignificant impactonqualityof life,
long-term health outcomes, and cost associated with unneces-
sarytreatmentwithinsulin.Thus,aMODYdiagnosisshouldbe
considered in pediatric patients who lack evidence of autoim-
munity and have preserved �-cell function. Further studies are
needed toexamine the relative costsandbenefitsofgenetic test-
ing for MODY in youth with nonautoimmune diabetes.
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