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Summary

Clinical characteristics

Permanent neonatal diabetes mellitus (PNDM) is characterized by the onset of hyperglycemia within the first six
months of life (mean age: 7 weeks; range: birth to age 26 weeks). The diabetes mellitus is associated with partial
or complete insulin deficiency. Clinical manifestations at the time of diagnosis include hyperglycemia,
glycosuria, osmotic polyuria, severe dehydration, and history of intrauterine growth deficiency. Therapy with
insulin and/or oral hypoglycemic medications (in some molecular causes of PNDM) can correct the
hyperglycemia and result in dramatic catch-up growth. The course of PNDM varies by genotype.

Diagnosis/testing

The diagnosis of PNDM is established in an infant with diabetes mellitus diagnosed in the first six months of life
that does not resolve over time. Molecular genetic testing is recommended, as identification of a specific
molecular cause of PNMD can guide treatment.

Management

Targeted therapy: Oral sulfonylureas after initial management with insulin in those with ABCCS8- or KCNJ11-
related PNDM.

Supportive care: Rehydration and intravenous insulin infusion promptly after diagnosis; subcutaneous insulin
therapy when the infant is stable and tolerating oral feedings; high caloric diet to achieve weight gain;
developmental and educational support in those with KCNJ11-, MNX1-, NEURODI-, or NKX2-2-related
PNDM,; anti-seizure medication as needed in those with DEND syndrome (developmental delay, epilepsy, and
neonatal diabetes mellitus); pancreatic enzyme replacement therapy in those with exocrine pancreatic
insufficiency.
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Surveillance: Frequent blood glucose monitoring; urinalysis for microalbuminuria and cystatin C measurement
annually beginning at age ten years to screen for kidney manifestations of persistent hyperglycemia;
ophthalmologic examination for retinopathy annually beginning at age ten years; developmental evaluation
annually or as needed in those with KCNJ11-, MNX1-, NEURODI-, or NKX2-2-related PNDM; neurology
evaluation and EEG in those with KCNJII-related DEND syndrome; evaluation of pancreatic exocrine function
in those with symptoms of malabsorption; serum concentrations of fat-soluble vitamins every six months in
those with known exocrine pancreatic insufficiency.

Agents/circumstances to avoid: In general, avoid rapid-acting insulin preparations (lispro and aspart) as well as
short-acting (regular) insulin preparations (except as a continuous intravenous or subcutaneous infusion), as
they may cause severe hypoglycemia in young children.

Evaluation of relatives at risk: Evaluate apparently asymptomatic older and younger at-risk relatives of an affected
individual in order to identify as early as possible those who would benefit from surveillance and treatment of
hyperglycemia.

Pregnancy management: Pregnant women with PNDM should be managed by an endocrinologist and maternal-
fetal medicine specialist; high-resolution ultrasonography and fetal echocardiography should be offered during
pregnancy to screen for congenital anomalies in the fetus.

Genetic counseling

The mode of inheritance of PNDM varies by gene: ABCC8- and INS-related PNDM are inherited in an
autosomal dominant or an autosomal recessive manner; GATA6-, HNF1B-, and KCNJ11-related PNDM are
inherited in an autosomal dominant manner; EIF2AK3-, GCK-, GLIS3-, MNX1-, NEURODI-, NKX2-2-, PDX1I-,
PTF1A-, RFX6-, SLC2A2-, and SLC19A2-related PNDM are inherited in an autosomal recessive manner.

Autosomal dominant inheritance: The majority of individuals with autosomal dominant PNDM caused by a
heterozygous pathogenic variant in ABCCS, INS, or KCNJ11 have the disorder as the result of a de novo
pathogenic variant. Each child of an individual with PNDM inherited in an autosomal dominant manner has a
50% chance of inheriting the PNDM-related pathogenic variant.

Autosomal recessive inheritance: The parents of an individual with PNDM caused by biallelic pathogenic variants
are presumed to be heterozygous for a PNDM-related pathogenic variant. The heterozygous parents of a child
with autosomal recessive PNDM may or may not have diabetes mellitus. If both parents are known to be
heterozygous for a PNDM-related pathogenic variant, each sib of an affected individual has at conception a 25%
chance of being affected, a 50% chance of being heterozygous, and a 25% chance of inheriting neither of the
familial pathogenic variants. The heterozygous sibs of a proband with autosomal recessive PNDM may or may
not have diabetes mellitus. Heterozygote testing for at-risk relatives requires prior identification of the PNDM-
related pathogenic variants in the family.

Once the PNDM-related pathogenic variant(s) have been identified in an affected family member, prenatal and
preimplantation genetic testing for PNDM are possible.

Diagnosis

Suggestive Findings

Permanent neonatal diabetes mellitus (PNDM) should be suspected in individuals with the following laboratory
and radiographic features.

Laboratory features
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« Persistent hyperglycemia (plasma glucose concentration >250mg/dL) in infants younger than age six
months that lasts for longer than seven to ten days [Lemelman et al 2018]

o Features typical of diabetes mellitus (e.g., glucosuria, ketonuria, hyperketonemia)

« Low or undetectable plasma insulin and C peptide relative to the hyperglycemia

« Low fecal elastase and high stool fat in infants with pancreatic aplasia or hypoplasia due to pancreatic
exocrine insufficiency [Greeley et al 2022]

Note: Measurement of hemoglobin Alc (HgAlc) is not suitable for diagnosing diabetes mellitus in infants
younger than age six months because of the higher proportion of fetal hemoglobin compared to hemoglobin A.

Radiographic features. Pancreatic hypoplasia identified on ultrasound, CT, or MRI examination. Note:
Visualization of the pancreas in neonates may be difficult.

Establishing the Diagnosis

The diagnosis of PNDM is established in an infant with diabetes mellitus diagnosed in the first six months of life
that does not resolve over time. Molecular testing is recommended; identification of pathogenic (or likely
pathogenic) variant(s) in one of the genes listed in Table 1 can guide treatment (see Management).

Note: (1) Per ACMG/AMP variant interpretation guidelines, the terms "pathogenic variant” and "likely
pathogenic variant” are synonymous in a clinical setting, meaning that both are considered diagnostic and can
be used for clinical decision making [Richards et al 2015]. Reference to "pathogenic variants" in this GeneReview
is understood to include likely pathogenic variants. (2) Identification of a variant(s) of uncertain significance
does not establish or rule out the diagnosis.

Molecular genetic testing approaches can include a combination of gene-targeted testing (multigene panel) and
comprehensive genomic testing (exome sequencing, genome sequencing). Gene-targeted testing requires that
the clinician determine which gene(s) are likely involved (see Option 1), whereas comprehensive genomic testing
does not (see Option 2).

Option 1

A neonatal diabetes mellitus multigene panel that includes the genes in Table 1 and other genes of interest (see
Differential Diagnosis) is most likely to identify the genetic cause of the condition while limiting identification of
variants of uncertain significance and pathogenic variants in genes that do not explain the underlying
phenotype. Note: (1) The genes included in the panel and the diagnostic sensitivity of the testing used for each
gene vary by laboratory and are likely to change over time. (2) Some multigene panels may include genes not
associated with the condition discussed in this GeneReview. (3) In some laboratories, panel options may include
a custom laboratory-designed panel and/or custom phenotype-focused exome analysis that includes genes
specified by the clinician. (4) Methods used in a panel may include sequence analysis, deletion/duplication
analysis, and/or other non-sequencing-based tests including DNA methylation analysis.

For an introduction to multigene panels click here. More detailed information for clinicians ordering genetic
tests can be found here.

Option 2

Comprehensive genomic testing does not require the clinician to determine which gene is likely involved.
Exome sequencing is most commonly used; genome sequencing is also possible.

For an introduction to comprehensive genomic testing click here. More detailed information for clinicians
ordering genomic testing can be found here.


https://www.ncbi.nlm.nih.gov/books/n/gene/app5/#app5.Multigene_Panels
https://www.ncbi.nlm.nih.gov/books/n/gene/app5/#app5.Multigene_Panels_FAQs
https://www.ncbi.nlm.nih.gov/books/n/gene/app5/#app5.Comprehensive_Genomic_Testing
https://www.ncbi.nlm.nih.gov/books/n/gene/app5/#app5.Comprehensive_Genomic_Testing_1

Table 1. Molecular Genetic Testing Used in Permanent Neonatal Diabetes Mellitus

Gene 12

ABCC8

EIF2AK3
GATA6
GCK
GLIS3
HNFIB

INS

KCNJ11
MNX1
NEURODI
NKX2-2
PDX1
PTFIA
RFEX6
SLC2A2
SLCI19A2

Proportion of PNDM
Attributed to Pathogenic
Variants in Gene 3

10%-15%

<10% 2
~5%
~5%
~5%
<1%

20%-25%

~25%
~1%
~2%
~1%
~4%
<1%
~5%
<1%
2%-3%

MOI

AD
AR

AR
AD
AR
AR
AD

AD
AR

AD
AR
AR
AR
AR
AR
AR
AR
AR

Proportion of Pathogenic Variants 4 Identified by

Method
Sequence
analysis > ©

100%

~97%
~90%
100%
~50%
100%

>95%

100%
100%
100%
100%
100%
>90% 11
100%
100%
100%

GeneReviews

Gene-targeted deletion/
duplication analysis

See footnote 8.

~3%

~10%

See footnote 8.
~50%

See footnote 8.

<5%

None reported 10

See footnote 8.
None reported
None reported
None reported
<10%

None reported
See footnote 12.

See footnote 8.

®
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Table 1. continued from previous page.

Proportion of Pathogenic Variants 4 Identified by

Proportion of PNDM Method
Gene 1> 2 Attributed to Pathogenic MOI
Verdais fin Care S Sequence Gene-targeted deletion/
analysis > © duplication analysis & 7
Unknown 13 <20% 14 NA

NA = not applicable; PNDM = permanent neonatal diabetes mellitus

1. Genes are listed in alphabetic order.

2. See Table A. Genes and Databases for chromosome locus and protein.

3. Flanagan et al [2014] and data derived from the subscription-based professional view of Human Gene Mutation Database [Stenson
et al 2020]

4. See Molecular Genetics for information on variants detected in these genes.

5. Sequence analysis detects variants that are benign, likely benign, of uncertain significance, likely pathogenic, or pathogenic. Variants
may include missense, nonsense, and splice site variants and small intragenic deletions/insertions; typically, exon or whole-gene
deletions/duplications are not detected. For issues to consider in interpretation of sequence analysis results, click here.

6. Data derived from the subscription-based professional view of Human Gene Mutation Database [Stenson et al 2020]

7. Gene-targeted deletion/duplication analysis detects intragenic deletions or duplications. Methods used may include a range of
techniques such as quantitative PCR, long-range PCR, multiplex ligation-dependent probe amplification (MLPA), and a gene-targeted
microarray designed to detect single-exon deletions or duplications. Exome and genome sequencing may be able to detect deletions/
duplications using breakpoint detection or read depth; however, sensitivity can be lower than gene-targeted deletion/duplication
analysis.

8. Large deletions/duplication have been reported in individuals with additional phenotypes (see Phenotype Correlations by Gene and
Genetically Related Disorders). To date, large deletions/duplications have not been reported in individuals with isolated PNDM
[Stenson et al 2020].

9. Biallelic EIF2KA3 pathogenic variants are associated with Wolcott-Rallison syndrome. However, PNDM may be the first clinical
manifestation, and therefore EIF2KA3 should be considered in those presenting with apparently isolated PNDM.

10. Activating pathogenic variants in KCNJ11 cause PNDM; deletion/duplication analysis is not expected to identify PNDM-related
pathogenic variants in KCNJ11.

11. Analysis of PTF1A should include sequencing of the downstream enhancer, which accounts for >60% of PNDM-related pathogenic
variants in this gene [Demirbilek et al 2020].

12. The 26-bp insertion and complex rearrangement in SLC2A2 each reported in an individual with Fanconi-Bickel syndrome should
be detectable by sequence analysis.

13. Relative hypomethylation within the 6q24 differentially methylated region (DMR) has been reported in one individual to date with
PNDM [Cao et al 2017]. Findings reported in the individual included severe intrauterine growth restriction, hyperglycemia beginning
in the neonatal period, and absence of ketoacidosis. 6q24 DMR relative hypomethylation is typically associated with transient neonatal
diabetes mellitus (see Diabetes Mellitus, 6q24-Related Transient Neonatal).

14. De Franco et al [2015]

Clinical Characteristics

Clinical Description

Diabetes mellitus. Permanent neonatal diabetes mellitus (PNDM) is characterized by the onset of
hyperglycemia within the first six months of life, with a mean age at diagnosis of seven weeks (range: birth to age
26 weeks) [Gloyn et al 2004b]. Clinical manifestations at diagnosis include intrauterine growth restriction
(IUGR; a reflection of insulin deficiency in utero), hyperglycemia, glycosuria, osmotic polyuria, severe
dehydration, and poor weight gain.

The diabetes mellitus is associated with partial or complete insulin deficiency. Therapy with insulin corrects the
hyperglycemia and results in dramatic catch-up growth. Many individuals with ABCCS8- or KCNJ11-related
PNDM have improved glycemic control with sulfonylureas alone or combined with insulin treatment. Long-
term follow-up studies of infants diagnosed with ABCC8- or KCNJ11-related PNDM showed that most
individuals had good glycemic control on sulfonylureas with HgA1c averaging 5.9%-6.0% and minimal
hypoglycemia with an average follow-up time of five to ten years [Bowman et al 2018, Warncke et al 2022].


https://www.ncbi.nlm.nih.gov/books/n/gene/app2/
https://www.ncbi.nlm.nih.gov/books/n/gene/dmtn/
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Reports of microvascular complications vary among cohorts, with 4%-19% of affected individuals reported to
have microalbuminuria and 6% reported to have retinopathy. There was no strong evidence that treatment with
sulfonylureas was less effective over time, but there was a trend that later initiation of sulfonylurea treatment was
associated with the need for combined treatment with insulin.

Phenotype Correlations by Gene

The course of PNDM is highly variable depending on the causative gene. Additional phenotypic features are

associated with pathogenic variants in specific genes (see Table 2).

Table 2. Permanent Neonatal Diabetes Mellitus: Phenotypes by Gene

Gene !

ABCCS8

EIF2AK3

GATA6

GCK

GLIS3

HNFIB

INS

KCNJj11

MNX1

NEURODI

DM Phenotype & Presenting Features

Most diagnosed age <3 mos

Most have low birth weight, symptomatic
hyperglycemia, & often DKA

Note: PNDM is the most common phenotype; TNDM
is also reported.

Most diagnosed age <6 mos (median: age 2.4 mos)
DKA at presentation is common. 2

Severity of DM can vary from neonatal-lethal PNDM to
adult-onset DM. 3

IUGR
Insulin-requiring DM from 1st day of life
Hyperglycemia in both parents

Low birth weight
Hyperglycemia typically presents shortly after birth.

PNDM severity is variable even among persons w/
same pathogenic variant.

Rare cause of PNDM or TNDM presenting w/
hyperglycemia at age <6 mos

Median age at diagnosis is 9 wks
Persons present w/DKA or marked hyperglycemia.
Most newborns are small for gestational age. °

Most diagnosed age <3 mos

Most have low birth weight, symptomatic
hyperglycemia, & often DKA

Treatment w/sulfonylureas corrects hyperglycemia &
can prevent/improve neurologic manifestations (see
Management).

Note: PNDM is the most common phenotype; TNDM
is also reported.

Limited info reg DM phenotype exists; severity
appears variable.

Low birth weight is common. 7

Neonatal DM presenting at age <2 mos w/normal
pancreatic size

Low birth weight is common. ?

Additional Phenotypic Features

None

Skeletal abnormalities & liver dysfunction
(Spondyloepiphyseal dysplasia w/DM [Wolcott-
Rallison syndrome]), EIF2AK3-related)

Congenital heart anomalies, gallbladder agenesis,
congenital diaphragmatic hernia

None

Neonatal DM w/congenital hypothyroidism (OMIM
610199)

» Pancreatic exocrine insufficiency 4
« Cystic renal disease / renal dysplasia

None

o 20%-23% have DEND syndrome.

o Neurologic manifestations also incl muscle
weakness, ADHD, & sleep disorders. ©

o A milder form, intermediate DEND syndrome,
presents w/less severe DD & w/o epilepsy.

o Neonatal DM, DD, sacral agenesis, &
imperforate anus. 8

« Additional neurologic, skeletal, lung, &
urologic congenital anomalies reported in 1
infant w/PNDM & biallelic MNX1 pathogenic
variants. /

Neonatal DM, cerebellar hypoplasia, sensorineural
deafness, & visual impairment 10


https://omim.org/entry/610199
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Table 2. continued from previous page.

Gene !

NKX2-2

PDX1

PTFI1A

RFX6

SLC2A2

SLCI19A2

DM Phenotype & Presenting Features

Neonatal DM presents in 1st few days of life.
History of low birth weight is common. 11

Pancreatic agenesis/hypoplasia w/more severe insulin
deficiency than ABCC8-, GCK-, or KCNJ11-related PNDM
w/low birth weight & younger age at diagnosis

Pancreatic hypoplasia/agenesis w/PNDM onset
typically age <1 mo

Low birth weight is common. 13

Pancreatic hypoplasia w/neonatal DM presenting w/in
Ist few days of life

Low birth weight is common. 14

PNDM is less common than TNDM.
History of low birth weight is common. 1>

PNDM can respond to high-dose thiamine treatment
in some persons.

History of low birth weight is common. 1©

Additional Phenotypic Features

PNDM, DD, hypotonia, short stature, deafness, &
constipation 8

o Pancreatic exocrine insufficiency 4
« Clinical manifestations are milder in persons
w/hypomorphic pathogenic variants. 12

Pancreatic exocrine insufficiency, 4 cerebellar
hypoplasia/agenesis, dysmorphic facies, IUGR, & optic
atrophy (OMIM 609069)

o Mitchell-Riley syndrome (OMIM 615710)

« PNDM w/hypoplastic or annular pancreas,
pancreatic exocrine insufficiency, 4 intestinal
atresia &/or malrotation, & gallbladder
hypoplasia/agenesis

Fanconi-Bickel syndrome (tubular nephropathy &
features of glycogen storage disease) can present w/ or
w/o PNDM or other types of DM (OMIM 227810).

Thiamine-responsive megaloblastic anemia syndrome
& sensorineural deafness can present w/ or w/o
PNDM or other types of DM.

ADHD = attention-deficit/hyperactivity disorder; DD = developmental delay; DEND = developmental delay, epilepsy, and neonatal
diabetes mellitus; DKA = diabetic ketoacidosis; DM = diabetes mellitus; IUGR = intrauterine growth restriction; PNDM = permanent
neonatal diabetes mellitus; TNDM = transient neonatal diabetes mellitus
1. Genes are listed in alphabetic order.

2. Welters et al [2020]

3. Yorifuji et al [2012]

4. Results in poor weight gain and loose, foul-smelling stools.

5. Stoy et al [2007], Polak et al [2008]

6. Carmody et al [2016], Landmeier et al [2017]

7. Aly et al [2023]
8. Flanagan et al [2014]

9. Rubio-Cabezas et al [2010]
10. Rubio-Cabezas et al [2010], Demirbilek et al [2018], Horikawa & Enya [2019]
11. Auerbach et al [2020]
12. Nicolino et al [2010]

13. Demirbilek et al [2020]
14. Sansbury et al [2015]
15. Sansbury et al [2012]
16. Shaw-Smith et al [2012]

Genotype-Phenotype Correlations

No genotype-phenotype correlations for EIF2AK3, GATA6, GCK, GLIS3, HNF1B, MNX1, NEUROD1, NKX2-2,
PDX1, RFX6, SLC2A2, or SLC19A2 have been identified.

ABCCS. For neonatal diabetes caused by pathogenic variants in ABCCS8, genotype-phenotype correlations are
less distinct [Edghill et al 2010]. Children with neonatal diabetes associated with autosomal dominant ABCC8
pathogenic variants may have a parent with the same ABCC8 variant and type 2 diabetes, suggesting that the
severity of the phenotype and age of onset of diabetes is variable among individuals with ABCC8 pathogenic
variants [Babenko et al 2006].


https://omim.org/entry/609069
https://omim.org/entry/615710
https://omim.org/entry/227810
https://www.ncbi.nlm.nih.gov/books/n/gene/trma/
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INS. The relationship between genotype and phenotype is beginning to emerge for neonatal diabetes mellitus
caused by pathogenic variants in INS. The diabetes mellitus in persons who are homozygous or compound
heterozygous for pathogenic variants in INS can be permanent or transient. The variants c.-366_343del, c¢.3G>A,
c.3G>T, c.184C>T, c.-370-2186+2del (a 646-bp deletion), and c.*59A>G appear to be associated with PNDM,
whereas the variants c.-218A>C and c.-331C>A or c.-331C>G have been identified in persons with both PNDM
and TNDM as well as persons with childhood-onset monogenic diabetes, also called type 1b diabetes mellitus
[Stoy et al 2010] due to features including absence of evidence of beta cell autoimmunity, low serum C peptide,
and insulin dependency.

KCNJ11. Some KCNJ11 pathogenic variants are associated with TNDM; others are associated with PNDM; and
two variants, p.Val252Ala and p.Arg201His, are associated with both disorders [Colombo et al 2005, Girard et al
2006]. Furthermore, functional studies have shown some overlap between the magnitude of the KpTp channel
currents in TNDM- and PNDM-associated pathogenic variants [Girard et al 2006, Ashcroft 2023].

The location of the KCNJ11 pathogenic variant can partially predict the severity of the disease, i.e., isolated
diabetes mellitus, intermediate DEND (developmental delay, epilepsy, and neonatal diabetes mellitus) syndrome,
DEND syndrome; however, there are some exceptions. Studies have evaluated reduction in KaoTp channel ATP
sensitivity and its effect on phenotype. Pathogenic variants in residues that lie within the putative ATP binding
site (Arg50, Ile192, Leul64, Arg201, Phe333) or are located at the interfaces between Kir6.2 subunits (Phe35,
Cys42, and Gu332) or between Kir6.2 and SURI (Gly53) are associated with isolated diabetes mellitus. See
Molecular Genetics.

The severity of PNDM along the spectrum of isolated diabetes mellitus, intermediate DEND syndrome, and
DEND syndrome correlates with the genotype [Proks et al 2004]. KCNJ11 variants that cause additional
neurologic features occur at codons for amino acid residues that lie at some distance from the ATP binding site
(GIn52, Gly53, Val59, Cys166, and 11e296) [Hattersley & Ashcroft 2005, Ashcroft 2023].

« Of 24 individuals with pathogenic variants at the arginine residue, Arg201, all but three had isolated
PNDM.

 The p.Val59Met variant is associated with intermediate DEND syndrome.

« The following pathogenic variants associated with DEND syndrome are not found in less severely affected
individuals: p.GIn52Arg, p.Val59Gly, p.Cys166Phe, p.Ille296Val [Gloyn et al 2006], p.Gly334Asp [Masia et
al 2007], p.Ile167Leu [Shimomura et al 2007], p.Gly53Asp, p.Cys166Tyr, and p.Ile296Leu [Flanagan et al
2006].

« Improvement of the neurologic features of DEND syndrome with sulfonylurea treatment also appears to
be genotype dependent: children with the variants p.Val59Met [Stoy et al 2008, Mohamadi et al 2010] and
p-Gly53Asp [Koster et al 2008] have been shown to respond to sulfonylureas.

PTF1IA. Biallelic null variants are associated with pancreatic and cerebellar agenesis. Biallelic pathogenic
variants involving the downstream enhancer region are associated with isolated pancreatic agenesis.
Penetrance

Reduced penetrance has been reported in ABCC8- and KCNJ11-related PNDM [Flanagan et al 2007]. Limited
data is available regarding the penetrance for other molecular causes of PNDM [De Franco et al 2020c].
Nomenclature

Some individuals with "neonatal” diabetes mellitus may not be diagnosed until age three to six months; therefore
it has been suggested that the term "diabetes mellitus of infancy" or "congenital diabetes" should replace the
designation "neonatal diabetes mellitus" [Massa et al 2005, Greeley et al 2011].
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Prevalence

The estimated incidence of neonatal diabetes mellitus ranges from 1:90,000 to 1:260,000 live births, 50% being
PNDM [Kanakatti Shankar et al 2013, Zhang et al 2021].

Genetically Related (Allelic) Disorders

No phenotypes other than those discussed in this GeneReview are known to be associated with a germline
pathogenic variant in EIF2AK3, GLIS3, MNX1, NKX2-2, PTF1A, or SLC19A2.

Other phenotypes associated with germline pathogenic variants in permanent neonatal diabetes mellitus-related
genes are summarized in Table 3.

Table 3. Allelic Disorders

Gene TNDM 12 MODY Familial Hyperinsulinism Type2 DM 34 Other

ABCCS8 + + + +

b | Conmntlber s il e s

GCK + + +

HNFIB N N N Renal cysts and diabetes (RCAD) syndrome (OMIM
137920)

INS + +

KCNJ11 + + + +

NEURODI + +

PDX1 + +

REX6 +4 +

SLC2A2  +*% +

+ = associated phenotype; DM = diabetes mellitus; MODY = maturity-onset diabetes of the young; TNDM = transient neonatal
diabetes mellitus

1. Greeley et al [2022]

2. See Differential Diagnosis.

3. OMIM 125853

4. Data derived from the subscription-based professional view of Human Gene Mutation Database [Stenson et al 2020]

Differential Diagnosis

Permanent neonatal diabetes mellitus (PNDM) vs transient neonatal diabetes mellitus (TNDM). When
diabetes mellitus is diagnosed in the neonatal period, it is difficult to determine if it is likely to be transient or
permanent.

The most common causes of TNDM are 6q24-related TNDM and ABCC8- or KCNJ11-related TNDM.

o 6q24-related TNDM is caused by overexpression of the imprinted genes at 6q24 (PLAGLI and HYMAYI).
The cardinal features are severe intrauterine growth restriction, hyperglycemia that begins in the neonatal
period in a term infant and resolves by age 18 months, dehydration, and absence of ketoacidosis.
Macroglossia and umbilical hernia may be present. 6q24-related TNDM associated with a multilocus
imprinting disturbance (MLID) can be associated with marked hypotonia, congenital heart disease,
deafness, macroglossia, neurologic features including epilepsy, and renal malformations. Diabetes mellitus
lasts on average three months but can last more than a year. Although insulin is usually required initially,


https://www.ncbi.nlm.nih.gov/books/n/gene/mody-ov/
https://www.ncbi.nlm.nih.gov/books/n/gene/hi/
https://omim.org/entry/137920
https://omim.org/entry/125853
https://www.ncbi.nlm.nih.gov/books/n/gene/dmtn/
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the need for insulin gradually declines over time. Intermittent episodes of hyperglycemia may occur in
childhood, particularly during intercurrent illnesses. Diabetes mellitus may recur in adolescence or later

GeneReviews

in adulthood. Women who have had 6q24-related TNDM are at risk for relapse during pregnancy.

« Activating pathogenic variants in ABCC8 and KCNJ11 with less severe effects on beta cell KpTp channel

function have been found to cause TNDM that is similar to the biphasic course seen in 6q24-related

TNDM. Typically, infants with ABCC8- or KCNJ11-related TNDM present before age six months, go into
remission between ages six and 12 months, and are likely to relapse during adolescence or early adulthood

[Gloyn et al 2005, Flanagan et al 2007, De Franco et al 2020c].

®

For infants with PNDM and extra-pancreatic features, consideration of syndromic PNDM may be appropriate

(see Table 4).

Table 4. Syndromic Permanent Neonatal Diabetes Mellitus

Gene

CNOTI

CTLA4

EIF2B1 !

FOXP3

GATA4

IER3]PI

IL2RA

ITCH*

KCNMAI

LRBA S

NEUROGS3

ONECUT1 ©

Disorder

Holoprosencephaly + pancreatic agenesis (OMIM

618500)

Immune dysregulation w/autoimmunity,

immunodeficiency, & lymphoproliferation (OMIM

616100)

Neonatal/early-onset DM & transient hepatic
dysfunction

IPEX syndrome

GATA4-related PNDM 2

Neonatal DM, microcephaly, lissencephaly, &
epileptic encephalopathy (OMIM 614231)

Neonatal DM & immune dysfunction (OMIM
606367)

Neonatal DM & systemic autoimmunity
Liang-Wang syndrome (OMIM 618729)

Common variable immunodeficiency 8 w/
autoimmunity (OMIM 614700)

Congenital malabsorptive diarrhea & neonatal DM

(OMIM 610370)

Neonatal DM, non-autoimmune assoc w/pancreatic

hypoplasia

MOI

AD

AD

AD

XL

AD

AR

AR

AR

AD

AR

AR

AR

Distinctive Features (in addition to neonatal DM)

« PNDM

« Pancreatic agenesis
« Holoprosencephaly
« Gallbladder agenesis

« PNDM

o Lymphoproliferative syndrome
« Enteropathy

» Cytopenias

o Thyroiditis

« PNDM
o Transient hepatitis

« Enteropathy
o Dermatitis

o Pancreatic exocrine insufficiency/agenesis
« Cardiac abnormalities

« PNDM
o Congenital hypothyroidism
o Sepsis 3

« PNDM
« Dysmorphic facies
« Widespread autoimmunity

« PNDM

o Enteropathy

o Hypothyroidism

o Hemolytic anemia

Congenital malabsorptive diarrhea

« PNDM

« IUGR

o Pancreatic hypoplasia

o Gall bladder hypoplasia

o Pancreatic exocrine insufficiency


https://omim.org/entry/618500
https://omim.org/entry/616100
https://www.ncbi.nlm.nih.gov/books/n/gene/ipex/
https://omim.org/entry/614231
https://omim.org/entry/606367
https://omim.org/entry/618729
https://omim.org/entry/614700
https://omim.org/entry/610370
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Table 4. continued from previous page.
Gene Disorder MOI Distinctive Features (in addition to neonatal DM)

o Brai 1fy i
Neonatal DM w/brain malformations, microcephaly, rain matormations

PAX6 . 7 AR « Microcephaly
& microphthalmia «  Microphthalmia
. . . o Leads to early activation of NEUROG3 &
STAT3 8 geo:alt:sli?M assoc w/autoimmunity & pancreatic AR premature endocrine activations
Ypop o Critical component of cytokine signaling
. o Optic atrophy
WESI gliz;isrlge\;\f)olfram syndrome (See WFSI Spectrum AR . DM & diabetes insipidus
. « Deafness
YIPF5 9 Microcephaly, epilepsy, & DM syndrome (OMIM AR

619278)

AD = autosomal dominant; AR = autosomal recessive; DM = diabetes mellitus; IUGR = intrauterine growth restriction; MOI = mode
of inheritance; PNDM = permanent neonatal diabetes mellitus; XL = X-linked

1. Unfolded protein response and endoplasmic reticulum stress [De Franco et al 2020a]
2. D'Amato et al [2010], Shaw-Smith et al [2014]

3. Sri Nagesh et al [2016]

4. Johnson et al [2016]

5. Neonatal diabetes and beta cell destruction from autoimmunity [Johnson et al 2017]
6. Philippi et al [2021]

7. Yasuda et al [2002], Solomon et al [2009]

8. Flanagan et al [2014], Saarimaki-Vire et al [2017]

9. De Franco et al [2020b]

Management

No clinical practice guidelines for permanent neonatal diabetes mellitus (PNDM) have been published. General
guidelines for treatment of neonatal diabetes are available in the ISPAD Clinical Guidelines for Permanent
Neonatal Diabetes [Greeley et al 2022]. In the absence of published guidelines, the following recommendations
are based on the authors' personal experience managing individuals with this disorder.

Evaluations Following Initial Diagnosis

To establish the extent of disease and needs in an individual diagnosed with PNDM, the evaluations summarized
in Table 5 (if not performed as part of the evaluation that led to the diagnosis) are recommended.

Table 5. Permanent Neonatal Diabetes Mellitus: Recommended Evaluations Following Initial Diagnosis
System/Concern Evaluation Comment

Pediatric endocrinology eval/referral for acute

Diabetes mellitus & long-term DM mgmt

Renal ultrasound for evidence of cystic kidney

Kidney manifestations . . In persons w/HNF1B-related PNDM
disease or dysplasia
Newrologie eaturcs of DEND - Neurotogy eval & EEG in those/ 11 105¢ WKCNJLLL MNXI-, NEURODI, &
& &y e NKX2-2-related PNDM
syndrome suspected seizures
« Imaging of pancreas
Exocrine pancreatic « Eval of pancreatic exocrine function In those w/HNFI1B-, PDX1-, PTF1A-, & RFX6-
insufficiency (fecal elastase, serum concentrations of related PNDM

fat-soluble vitamins)


https://www.ncbi.nlm.nih.gov/books/n/gene/wfs/
https://www.ncbi.nlm.nih.gov/books/n/gene/wfs/
https://omim.org/entry/619278
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Table 5. continued from previous page.
System/Concern Evaluation Comment

To obtain a pedigree & inform affected persons &
their families re nature, MOI, & implications of

Genetic counselin By genetics professionals 1 - . .
8 VE p PNDM to facilitate medical & personal decision
making
Assessment of family & social structure to
determine need for:
. . . . Community or online resources such as
Family support By clinicians, wider care team, & family support Y
.. Parent to Parent
& resources organizations

« Social work involvement for parental
support
» Home nursing referral

DEND = developmental delay, epilepsy, and neonatal diabetes mellitus; DM = diabetes mellitus; MOI = mode of inheritance; PNDM =
permanent neonatal diabetes mellitus
1. Medical geneticist, certified genetic counselor, certified advanced genetic nurse

Treatment of Manifestations

Targeted Therapy

In GeneReviews, a targeted therapy is one that addresses the specific underlying mechanism of disease causation
(regardless of whether the therapy is significantly efficacious for one or more manifestation of the genetic condition);
would otherwise not be considered without knowledge of the underlying genetic cause of the condition; or could lead
to a cure. —ED

Oral sulfonylureas in those with ABCC8- or KCNJ11-related PNDM. Children with ABCCS8- or KCNJ11-
related PNDM can be transitioned to therapy with oral sulfonylureas after initial management with insulin. High
doses of sulfonylureas are usually required (0.4-1.0 mg/kg/day of glibenclamide or 0.5-2.5 mg/kg/day of
glyburid). Treatment transition protocols are available at www.diabetesgenes.org or in Greeley et al [2021].
Treatment with sulfonylureas in those with ABCC8- or KCNJ11-related PNDM is associated with improved
glycemic control [Thurber et al 2015, Babiker et al 2016].

Note: Mild beneficial effect of oral sulfonylureas in persons with GCK-related PNDM has also been reported in
some but not all individuals [Turkkahraman et al 2008, Hussain 2010, Oriola et al 2015, Tikhonovich et al 2022].

Supportive Care

Supportive care to improve quality of life, maximize function, and reduce complications is recommended. This
ideally involves multidisciplinary care by specialists in relevant fields (see Table 6).

Table 6. Permanent Neonatal Diabetes Mellitus: Treatment of Manifestations

Manifestation/Concern Treatment Considerations/Other
Dehydration & acute Prompt rehydration & IV insulin infusion after diagnosis,
treatment of DM particularly in infants w/ketoacidosis

Long-term insulin therapy is required except

in those w/ABCC8- or KCNJ11-related
Insulin therapy. Subcutaneous insulin when infant is PNDM (see Targeted Therapy).

Long-term insulin stable & tolerating oral feedings. Few data on the most
therapy for DM appropriate insulin preparations for young infants are o In general, rapid-acting (lispro,
available. aspart) & short-acting preparations

should be avoided as they may cause


https://www.p2pusa.org/
http://www.diabetesgenes.org

Permanent Neonatal Diabetes Mellitus

Table 6. continued from previous page.

Manifestation/Concern

Poor weight gain

Development

Seizures

Exocrine pancreatic
insufficiency

Treatment

Longer-acting preparations w/no significant

peak-of-action effect (e.g., glargine, detemir) may

work better in small infants.
Some centers recommend continuous
subcutaneous insulin infusion for young infants

as a safer, more physiologic, & more accurate way

of administering insulin.

Long-term complications of hyperglycemia can be
significantly reduced by maintaining blood glucose

concentrations w/in a target range of 70-180 mg/dL for
>70% of the day & by maintaining a HbAlc <7.0%. These

goals must be balanced w/risks assoc w/prolonged

periods of hypoglycemia, esp in children who are age <6

yrs who may be unable to communicate symptoms of

hypoglycemia.

1

In persons w/very low insulin requirements, diluted

insulin (5 or 10 U/mL) may be more appropriate if used

w/caution.

High caloric intake to achieve weight gain

Developmental & educational support

Anti-seizure medication (in addition to sulfonylureas) as

needed for those w/persistent seizures

Pancreatic enzyme replacement therapy

13

Considerations/Other

severe hypoglycemic events (except
when used as a continuous IV or
subcutaneous infusion).

o Intermediate-acting preparations
(neutral protamine hagedorn) tend to
have shorter duration of action in
infants, possibly because of smaller
dose size or higher subcutaneous
blood flow.

Use extreme caution w/diluted insulin
preparation to avoid dose errors.

In those w/KCNJ11-, MNXI1-, NEURODI-, &
NKX2-2-related PNDM

In those w/KCNJ11-related DEND syndrome

In those w/HNFI1B-, PDX1-, PTF1A-, &
RFX6-related PNDM

DEND = developmental delay, epilepsy, and neonatal diabetes mellitus; DM = diabetes mellitus; HbAlc = hemoglobin Alc; IV =
intravenous; PNDM = permanent neonatal diabetes mellitus
1. In 2020 the American Diabetes Association revised the HbAlc target to be individualized for children who are not able to express
symptoms of hypoglycemia [American Diabetes Association Professional Practice Committee 2022].

Surveillance

To monitor existing manifestations, the individual's response to supportive care, and the emergence of new
manifestations, the evaluations summarized in Table 7 are recommended.

Table 7. Permanent Neonatal Diabetes Mellitus: Recommended Surveillance

System/Concern

Diabetes mellitus

Kidney manifestations

Ocular manifestations of
DM

Development

Evaluation

Blood glucose concentrations to avoid acute
complications such as diabetic ketoacidosis &
hypoglycemia

Ophthalmologic exam to assess for retinopathy

Developmental eval

Urinalysis for microalbuminuria
Measurement of cystatin C in blood

Frequency

Frequent monitoring in hospital immediately
following diagnosis

Lifelong monitoring (>4x/day or w/
continuous glucose monitor) after
stabilization on treatment

Annually beginning at age 10 yrs to screen for
kidney manifestations of persistent hyperglycemia

Annually beginning at age 10 yrs

Annually or as needed in those w/KCNJ11-, MNX1I-,
NEURODI-, & NKX2-2-related PNDM
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Table 7. continued from previous page.
System/Concern Evaluation Frequency

Seizures Neurology eval & EEG As needed in those w/KCNJ11-related DEND

syndrome
Eval of pancreatic exocrine function (fecal
elastase, serum concentrations of fat-soluble As needed in those w/symptoms of malabsorption
Exocrine pancreatic vitamins)
insufficiency

Every 6 mos in those w/known exocrine pancreatic

Serum concentrations of fat-soluble vitamins . .
insufficiency

DEND = developmental delay, epilepsy, and neonatal diabetes mellitus; DM = diabetes mellitus; PNDM = permanent neonatal diabetes
mellitus

Agents/Circumstances to Avoid

In general, rapid-acting insulin preparations (lispro and aspart) as well as short-acting (regular) insulin
preparations should be avoided (except when used as a continuous intravenous or subcutaneous infusion), as
they may cause severe hypoglycemic events in young children.

Evaluation of Relatives at Risk

It is appropriate to evaluate apparently asymptomatic older and younger at-risk relatives of an affected individual
in order to identify as early as possible those who would benefit from surveillance and treatment of
hyperglycemia. (Hyperglycemia may be asymptomatic.) Evaluations can include:

» Molecular genetic testing if the pathogenic variant(s) in the family are known;

« Screening with HbA1c or fasting or post-prandial glucose levels may be used to assess for abnormalities in
glycemic control if the pathogenic variant(s) in the family are not known. Rarely an oral glucose tolerance
test is needed. Continuous glucose monitors to track glucose patterns in relatives of individuals with
monogenic forms of diabetes have been used.

See Genetic Counseling for issues related to testing of at-risk relatives for genetic counseling purposes.

Pregnancy Management

Pregnant women with PNDM should be managed by an endocrinologist and maternal-fetal medicine specialist.
Management should conform to the guidelines for treatment of other forms of diabetes during gestation
[American Diabetes Association Professional Practice Committee 2022]. Glycemic control during gestation is
important to prevent complications in the mother, fetal overgrowth, and congenital anomalies due to maternal
hypo- and hyperglycemia. High-resolution ultrasonography and fetal echocardiography should be offered
during pregnancy to screen for congenital anomalies in the fetus.

Until recently, insulin was the mainstay of therapy for diabetes during pregnancy. Although there have been
reports supporting the safety and efficacy of glyburide in the treatment of diabetes during pregnancy [Moretti et
al 2008], a recent meta-analysis found that glyburide was associated with an increased risk of neonatal
hypoglycemia [Guo et al 2019].

Therapies Under Investigation

Search ClinicalTrials.gov in the and EU Clinical Trials Register in Europe for access to information on clinical
studies for a wide range of diseases and conditions. Note: There may not be clinical trials for this disorder.


https://clinicaltrials.gov/
https://www.clinicaltrialsregister.eu/ctr-search/search
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Genetic Counseling

Genetic counseling is the process of providing individuals and families with information on the nature, mode(s) of
inheritance, and implications of genetic disorders to help them make informed medical and personal decisions. The
following section deals with genetic risk assessment and the use of family history and genetic testing to clarify genetic
status for family members; it is not meant to address all personal, cultural, or ethical issues that may arise or to
substitute for consultation with a genetics professional. —ED.

Mode of Inheritance

The mode of inheritance of permanent neonatal diabetes mellitus (PNDM) varies by gene (see Table 8).

Table 8. Permanent Neonatal Diabetes Mellitus: Mode of Inheritance

Gene

ABCC8
EIF2AK3
GATA6
GCK
GLIS3
HNFIB
INS
KCNJj11
MNX1
NEURODI
NKX2-2
PDX1
PTFI1A
RFX6
SLC2A2
SLCI19A2

Mode of
Inheritance

AD, AR
AR
AD
AR
AR
AD
AD, AR
AD
AR
AR
AR
AR
AR
AR
AR
AR

AD = autosomal dominant; AR = autosomal recessive

If an individual has a specific genetic syndrome associated with PNDM (e.g., Wolcott-Rallison syndrome or
thiamine-responsive megaloblastic anemia syndrome), counseling for that condition is indicated.

Autosomal Dominant Inheritance - Risk to Family Members

Parents of a proband

o The majority of individuals with autosomal dominant PNDM caused by a heterozygous pathogenic
variant in ABCCS, INS, or KCNJ11 have the disorder as the result of a de novo pathogenic variant:
o Most reported individuals with autosomal dominant ABCC8-related PNDM have the disorder as
the result of a de novo pathogenic variant [Patch et al 2007].
o Approximately 73% of individuals with INS-related PNDM [Nishi & Nanjo 2011] and 90% of
individuals with KCNJ11-related PNDM [Greeley et al 2022] have the disorder as the result of a de
novo pathogenic variant.


https://www.ncbi.nlm.nih.gov/books/n/gene/trma/
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Some individuals with autosomal dominant PNDM have the disorder as the result of a pathogenic variant
inherited from a parent.

o Children with autosomal dominant ABCC8-related PNDM may have a parent diagnosed with type
2 diabetes mellitus who is heterozygous for the same ABCC8 pathogenic variant [Babenko et al
2006].

o Children with autosomal dominant INS-related PNDM may have a parent with the same INS
pathogenic variant and a history of type 2 diabetes mellitus diagnosed in adulthood (although the
expected phenotype in a heterozygous parent would be PNDM) [Stay et al 2007].

Recommendations for the evaluation of parents of a proband who appears to be the only affected family
member (i.e., a simplex case) include molecular genetic testing (if a molecular diagnosis has been
established in the proband) and clinical testing for diabetes mellitus including screening HbA1c, blood
glucose monitoring, or oral glucose tolerance testing.

If a molecular diagnosis has been established in the proband, the pathogenic variant found in the proband
is not identified in either parent, and parental identity testing has confirmed biological maternity and
paternity, the following possibilities should be considered:

o The proband has a de novo pathogenic variant;

o The proband inherited a pathogenic variant from a parent with gonadal (or somatic and gonadal)
mosaicism. Gonadal mosaicism for a pathogenic variant in KCNJ11 has been reported [Gloyn et al
2004a, Edghill et al 2007]; the overall incidence of gonadal mosaicism is unknown. Note: Testing of
parental leukocyte DNA may not detect all instances of somatic mosaicism and will not detect a
pathogenic variant that is present in the germ (gonadal) cells only.

Evaluation of parents may determine that one is affected but has escaped previous diagnosis because of
failure by health care professionals to recognize the disorder in affected family members, reduced
penetrance (ABCC8- and KCNJ11-related PNDM), and/or a milder phenotypic presentation. Therefore,
an apparently negative family history cannot be confirmed until appropriate clinical and molecular
evaluations have been performed.

Sibs of a proband. The risk to the sibs of the proband depends on the genetic status of the proband's parents:

o Ifa parent of the proband is affected and/or is known to have the PNDM-related pathogenic variant

identified in the proband, the risk to the sibs is 50%.

If a molecular diagnosis has been established in the proband and the PNDM-related pathogenic variant
found in the proband cannot be detected in the leukocyte DNA of either parent, the risk to sibs is slightly
greater than that of the general population because of the possibility of parental gonadal mosaicism
[Gloyn et al 2004a, Edghill et al 2007].

If the parents are clinically unaffected but their genetic status is unknown, the risk to the sibs of a proband
appears to be low but increased over that of the general population because of the possibility of reduced
penetrance in a heterozygous parent and the possibility of parental gonadal mosaicism.

Offspring of a proband. Each child of an individual with PNDM inherited in an autosomal dominant manner
has a 50% chance of inheriting the PNDM-related pathogenic variant.

Other family members. The risk to other family members depends on the status of the proband's parents: if a
parent is affected and/or is known to have the PNDM-related pathogenic variant, the parent's family members
may be at risk.

Autosomal Recessive Inheritance - Risk to Family Members

Parents of a proband
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o The parents of a child with PNDM caused by biallelic pathogenic variants are presumed to be
heterozygous for a PNDM-related pathogenic variant.

« Recommendations for the evaluation of parents of a proband include molecular genetic testing (if a
molecular diagnosis has been established in the proband) and clinical testing for diabetes mellitus
including screening HbA1c, blood glucose monitoring, or oral glucose tolerance testing.

o The heterozygous parents of a child with autosomal recessive PNDM may or may not have diabetes
mellitus (see Genotype-Phenotype Correlations).

o In 43% of individuals with ABCC8-related PNDM, the condition is inherited in an autosomal
recessive manner from unaffected parents with heterozygous pathogenic variants [Patch et al 2007].

o INS-related PNDM has also been reported to be inherited in an autosomal recessive manner from
unaffected parents [Garin et al 2010]. Heterozygous parents with pathogenic variants in INS that are
associated with autosomal recessive PNDM may have adult-onset diabetes mellitus [Raile et al
2011].

o Individuals who are heterozygous for a pathogenic variant in GCK or PDX1 may have milder forms
of diabetes mellitus (GCK- or PDX1-related maturity-onset diabetes of the young [MODY],
respectively).

Sibs of a proband

o If both parents are known to be heterozygous for a PNDM-related pathogenic variant, each sib of an
affected individual has at conception a 25% chance of being affected, a 50% chance of being heterozygous,
and a 25% chance of inheriting neither of the familial pathogenic variants.

o The heterozygous sibs of a proband with autosomal recessive PNDM may or may not have diabetes
mellitus.

o Heterozygotes for pathogenic variants in ABCC8 may have normal glucose tolerance.
o Heterozygotes for pathogenic variants in GCK, INS, or PDX1 may have a milder form of diabetes
mellitus (e.g., GCK- or PDXI-related MODY).

Offspring of a proband. The offspring of an individual with PNDM caused by biallelic pathogenic variants are
obligate heterozygotes for a PNDM-related pathogenic variant.

Other family members. Each sib of the proband's parents is at a 50% risk of being heterozygous for a PNDM-
related pathogenic variant.

Heterozygote detection. Heterozygote testing for at-risk relatives requires prior identification of the PNDM-
related pathogenic variants in the family.

Related Genetic Counseling Issues

See Management, Evaluation of Relatives at Risk for information on evaluating at-risk relatives for the purpose
of early diagnosis and treatment.

Family planning

 The optimal time for determination of genetic risk and discussion of the availability of prenatal/
preimplantation genetic testing is before pregnancy.

o Itis appropriate to offer genetic counseling (including discussion of potential risks to offspring and
reproductive options) to young adults who are affected or at risk.

o Referral to a maternal-fetal medicine specialist should be considered for females with PNDM who are
pregnant or considering pregnancy (see Pregnancy Management).

DNA banking. Because it is likely that testing methodology and our understanding of genes, pathogenic
mechanisms, and diseases will improve in the future, consideration should be given to banking DNA from


https://www.ncbi.nlm.nih.gov/books/n/gene/mody-ov/
https://www.ncbi.nlm.nih.gov/books/n/gene/mody-ov/
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probands in whom a molecular diagnosis has not been confirmed (i.e., the causative pathogenic mechanism is
unknown). For more information, see Huang et al [2022].

Prenatal Testing and Preimplantation Genetic Testing

Once the PNDM-related pathogenic variant(s) have been identified in an affected family member, prenatal and
preimplantation genetic testing are possible.

Differences in perspective may exist among medical professionals and within families regarding the use of
prenatal and preimplantation genetic testing. While most health care professionals consider decisions regarding
prenatal and preimplantation genetic testing to be the choice of the parents, discussion of these issues is
appropriate.

Resources

GeneReviews staff has selected the following disease-specific and/or umbrella support organizations and/or registries
for the benefit of individuals with this disorder and their families. GeneReviews is not responsible for the
information provided by other organizations. For information on selection criteria, click here.
 Diabetes Genes
Providing information for patients and professionals on research and clinical care in genetic types of diabetes.
United Kingdom

diabetesgenes.org

« International Society for Pediatric and Adolescent Diabetes (ISPAD)
Phone: +49 (0)30 24603-210
Email: secretariat@ispad.org
ispad.org
o American Diabetes Association
Phone: 800-DIABETES (800-342-2383)
Email: AskADA@diabetes.org
diabetes.org

« Diabetes UK
United Kingdom
Phone: 0345 123 2399
Email: helpline@diabetes.org.uk
diabetes.org.uk

« Monogenic Diabetes Registry
Monogenic Diabetes at the University of Chicago
Phone: 773-702-0829
Email: monogenicdiabetes@uchicago.edu

Research


https://www.ncbi.nlm.nih.gov/books/n/gene/app4/
http://www.diabetesgenes.org/
https://www.ispad.org/
https://www.diabetes.org
http://www.diabetes.org.uk
https://monogenicdiabetes.uchicago.edu/monogenic-diabetes-registry-info
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Molecular Genetics
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Information in the Molecular Genetics and OMIM tables may differ from that elsewhere in the GeneReview: tables
may contain more recent information. —ED.

Table A. Permanent Neonatal Diabetes Mellitus: Genes and Databases

Gene

ABCCS8

EIF2AK3

GATA6

GCK

GLIS3

HNF1B

INS

KCNJ11

MNX1

NEURODI

NKX2-2
PDX1

PTFI1A

REX6

SLC2A2

SLCI9A2

Chromosome Locus Protein

11p15.1 ATP-binding cassette sub-
family C member 8

2pll.2 Eukaryotic translation
initiation factor 2-alpha
kinase 3

18q11.2 Transcription factor
GATA-6

7pl3 Hexokinase-4

9p24.2 Zinc finger protein GLIS3

17q12 Hepatocyte nuclear factor 1-
beta

11p15.5 Insulin

11p15.1 ATP-sensitive inward
rectifier potassium channel
11

7q36.3 Motor neuron and pancreas
homeobox protein 1

2q31.3 Neurogenic differentiation
factor 1

20p11.22 Homeobox protein Nkx-2.2

13q12.2 Pancreas/duodenum
homeobox protein 1

10p12.2 Pancreas transcription
factor 1 subunit alpha

6q22.1 DNA-binding protein RFX6

3q26.2 Solute carrier family 2,
facilitated glucose
transporter member 2

1q24.2 Thiamine transporter 1

Locus-Specific
Databases
ABCCS8 database

EIF2AK3 database

Glucokinase
(hexokinase 4)
(GCK) @ LOVD

GLIS3 database
HNF1B database

INS database
KCNJ11 database

NEUROD1
database

PDX1 database

PTF1A database

SLC2A2 database

SLC19A2 database

HGMD

ABCC8

EIF2AK3

GATA6

GCK

GLIS3

HNF1B

INS

KCNJ11

MNX1

NEUROD1

NKX2-2
PDX1

PTF1A

RFX6

SLC2A2

SLC19A2

ClinVar

ABCC8

EIF2AK3

GATA6

GCK

GLIS3

HNFI1B

INS

KCNJ11

MNX1

NEUROD1

NKX2-2
PDX1

PTF1A

RFX6

SLC2A2

SLC19A2

Data are compiled from the following standard references: gene from HGNC; chromosome locus from OMIM; protein from UniProt.
For a description of databases (Locus Specific, HGMD, ClinVar) to which links are provided, click here.

Table B. OMIM Entries for Permanent Neonatal Diabetes Mellitus (View All in OMIM)

138079 GLUCOKINASE; GCK

142994 MOTOR NEURON AND PANCREAS HOMEOBOX 1; MNX1

176730 INSULIN; INS

189907 HNF1 HOMEOBOX B; HNF1B


https://www.ncbi.nlm.nih.gov/gene/6833
https://www.ncbi.nlm.nih.gov/genome/gdv/?context=gene&acc=6833
http://www.uniprot.org/uniprot/Q09428
http://www.uniprot.org/uniprot/Q09428
http://databases.lovd.nl/shared/genes/ABCC8
http://www.hgmd.cf.ac.uk/ac/gene.php?gene=ABCC8
https://www.ncbi.nlm.nih.gov/clinvar/?term=ABCC8[gene]
https://www.ncbi.nlm.nih.gov/gene/9451
https://www.ncbi.nlm.nih.gov/genome/gdv/?context=gene&acc=9451
http://www.uniprot.org/uniprot/Q9NZJ5
http://www.uniprot.org/uniprot/Q9NZJ5
http://www.uniprot.org/uniprot/Q9NZJ5
http://databases.lovd.nl/shared/genes/EIF2AK3
http://www.hgmd.cf.ac.uk/ac/gene.php?gene=EIF2AK3
https://www.ncbi.nlm.nih.gov/clinvar/?term=EIF2AK3[gene]
https://www.ncbi.nlm.nih.gov/gene/2627
https://www.ncbi.nlm.nih.gov/genome/gdv/?context=gene&acc=2627
http://www.uniprot.org/uniprot/Q92908
http://www.uniprot.org/uniprot/Q92908
http://www.hgmd.cf.ac.uk/ac/gene.php?gene=GATA6
https://www.ncbi.nlm.nih.gov/clinvar/?term=GATA6[gene]
https://www.ncbi.nlm.nih.gov/gene/2645
https://www.ncbi.nlm.nih.gov/genome/gdv/?context=gene&acc=2645
http://www.uniprot.org/uniprot/P35557
http://www.LOVD.nl/GCK
http://www.LOVD.nl/GCK
http://www.LOVD.nl/GCK
http://www.hgmd.cf.ac.uk/ac/gene.php?gene=GCK
https://www.ncbi.nlm.nih.gov/clinvar/?term=GCK[gene]
https://www.ncbi.nlm.nih.gov/gene/169792
https://www.ncbi.nlm.nih.gov/genome/gdv/?context=gene&acc=169792
http://www.uniprot.org/uniprot/Q8NEA6
http://databases.lovd.nl/shared/genes/GLIS3
http://www.hgmd.cf.ac.uk/ac/gene.php?gene=GLIS3
https://www.ncbi.nlm.nih.gov/clinvar/?term=GLIS3[gene]
https://www.ncbi.nlm.nih.gov/gene/6928
https://www.ncbi.nlm.nih.gov/genome/gdv/?context=gene&acc=6928
http://www.uniprot.org/uniprot/P35680
http://www.uniprot.org/uniprot/P35680
http://databases.lovd.nl/shared/genes/HNF1B
http://www.hgmd.cf.ac.uk/ac/gene.php?gene=HNF1B
https://www.ncbi.nlm.nih.gov/clinvar/?term=HNF1B[gene]
https://www.ncbi.nlm.nih.gov/gene/3630
https://www.ncbi.nlm.nih.gov/genome/gdv/?context=gene&acc=3630
http://www.uniprot.org/uniprot/P01308
http://databases.lovd.nl/shared/genes/INS
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Table B. continued from previous page.

600509 ATP-BINDING CASSETTE, SUBFAMILY C, MEMBER 8; ABCC8

600733 PANCREAS/DUODENUM HOMEOBOX PROTEIN 1; PDX1

600937 POTASSIUM CHANNEL, INWARDLY RECTIFYING, SUBFAMILY J, MEMBER 11; KCNJ11
601656 GATA-BINDING PROTEIN 6; GATA6

601724 NEUROGENIC DIFFERENTIATION 1; NEUROD1

603941 SOLUTE CARRIER FAMILY 19 (THIAMINE TRANSPORTER), MEMBER 2; SLC19A2
604032 EUKARYOTIC TRANSLATION INITIATION FACTOR 2-ALPHA KINASE 3; EIF2AK3
604612 NK2 HOMEOBOX 2; NKX2-2

606176 DIABETES MELLITUS, PERMANENT NEONATAL, 1; PNDM1

607194 PANCREAS TRANSCRIPTION FACTOR 1, ALPHA SUBUNIT; PTF1A

610192 GLIS FAMILY ZINC FINGER PROTEIN 3; GLIS3

612659 REGULATORY FACTOR X, 6; REX6

618856 DIABETES MELLITUS, PERMANENT NEONATAL, 2; PNDM2

618857 DIABETES MELLITUS, PERMANENT NEONATAL, 3; PNDM3

618858 DIABETES MELLITUS, PERMANENT NEONATAL, 4; PNDM4

Molecular Pathogenesis

KCNJ11 and ABCC8 encode the proteins ATP-sensitive inward rectifier potassium channel 11 (Kir6.2) and
ATP-binding cassette sub-family C member 8 (SUR1), respectively; both are components of the beta cell KoTp
channel. The KaTp channel is a hetero-octameric complex with four Kir6.2 subunits forming the central pore,
coupled to four SURI subunits. The KoTp channels couple the energy state of the beta cell to membrane
potential by sensing changes in intracellular phosphate potential (the ATP:ADP ratio). Following the uptake of
glucose and its metabolism by hexokinase-4, the increase in the intracellular ATP:ADP ratio results in closure of
the Kap channels, depolarization of the cell membrane, and subsequent opening of voltage-dependent Ca2*
channels. The resulting increase in cytosolic Ca%* concentration triggers insulin release.

Pathogenic variants in either ABCC8 or KCNJ11 result in nonfunctional or dysfunctional KaoTp channels. In
either case, channels do not close, and thus glucose-stimulated insulin secretion does not happen. All pathogenic
variants in KCNJ11 studied to date produce marked decrease in the ability of ATP to inhibit the KaTp channel
when expressed in heterologous systems. This reduction in ATP sensitivity means the channel opens more fully
at physiologically relevant concentrations of ATP, leading to an increase in the KoTp current and
hyperpolarization of the beta cell plasma membrane with subsequent suppression of Ca2* influx and insulin
secretion [Hattersley & Ashcroft 2005].

GCK encodes hexokinase-4 (also called glucokinase), which serves as the glucose sensor in pancreatic beta cells
and appears to have a similar role in enteroendocrine cells, hepatocytes, and hypothalamic neurons. In beta cells,
hexokinase-4 controls the rate-limiting step of glucose metabolism and is responsible for glucose-stimulated
insulin secretion [Matschinsky 2002]. GCK pathogenic missense variants alter the kinetics of the enzyme: the
glucose Sq 5 is raised, and the ATP Ky, is increased. The overall result for inactivating pathogenic variants is a
decrease in the phosphorylating potential of the enzyme, which extrapolates to a marked reduction in beta cell
glucose usage and hyperglycemia. Splice site pathogenic variants are predicted to lead to the synthesis of an
inactive protein.

INS. Insulin is synthesized by the pancreatic beta cells and consists of two dissimilar polypeptide chains, A and
B, which are linked by two disulfide bonds. Chains A and B are derived from a 1-chain precursor, proinsulin.
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Proinsulin is converted to insulin by enzymatic removal of a segment that connects the amino end of the A chain
to the carboxyl end of the B chain. This segment is called the C peptide. The diabetes-associated pathogenic
variants lead to the synthesis of a structurally abnormal preproinsulin or proinsulin protein. INS pathogenic
variants associated with PNDM disrupt proinsulin folding and/or disulfide bond formation. All of the
pathogenic variants are likely to act in a dominant manner to disrupt insulin biosynthesis and induce
endoplasmic reticulum (ER) stress.

PDX1 encodes pancreas/duodenum homeobox protein 1 (also known as transcription factor insulin promoter
factor 1; PDX1), a master regulator of pancreatic development and of the differentiation of progenitor cells into
the beta cell phenotype. In mature beta cells, PDX1 regulates the expression of critical genes including insulin,
hexokinase-4, and the glucose transporter encoded by SLC2A2 (solute carrier family 2, facilitated glucose
transporter member 2) [Habener et al 2005].

Table 9. Permanent Neonatal Diabetes Mellitus: Mechanism of Disease Causation

Gene ! Mechanism of Disease Causation

ABCCS8 Activating pathogenic variant; the KaoTp channels do not close, & glucose-stimulated insulin secretion does not happen.
EIF2AK3  Pathogenic variants disrupt the unfolded protein response in the ER.

GATA6 Heterozygous inactivating pathogenic variants can lead to pancreatic agenesis.

Inactivating pathogenic variants decrease the phosphorylating potential of the enzyme & resets/increases the glucose

GeK threshold by which insulin secretion is triggered in the beta cell.

GLIS3 Pancreatic transcription factor that is a member of the zinc finger protein family that can function as an activator or
repressor of transcription

HNFIB Heterozygous loss of function variants

INS Dominant-negative; disrupts insulin biosynthesis & induces ER stress

KCNJ11  Activating pathogenic variant; the KoTp channels do not close, & glucose-stimulated insulin secretion does not happen.

MNX1 Pancreatic transcription factor; loss-of-function variants

NEURODI1 Biallelic loss-of-function variants can lead to PNDM.

NKX2-2  Pancreatic transcription factor; loss of function

PDX1 Pancreatic transcription factor; loss-of-function variants

PTFIA Pancreatic transcription factor important to pancreatic development; loss of function

REX6 Pancreatic transcription factor essential for the development of the endocrine pancreas including the beta cell; loss-of-
function variants

SLC2A2 Encodes for the glucose transporter GLUT2; homozygous or compound heterozygous inactivating mutations lead to

PNDM or TNDM.
SLCI19A2  Encodes for thiamin transporter 1; loss-of-function variants

ER = endoplasmic reticulum; GLUT?2 = solute carrier family 2, facilitated glucose transporter member 2
1. Genes from Table 1 are in alphabetic order.

Gene-specific laboratory technical considerations

o PTFIA. Analysis of PTF1A should include sequencing of the downstream enhancer, which accounts for
>60% of PNDM-related pathogenic variants in this gene [Demirbilek et al 2020].
 There are no gene-specific laboratory technical considerations for the other genes listed in Table 1.



22 GeneReviews®

Chapter Notes
Author Notes

Dr Sara Pinney (pinneys@chop.edu) is actively involved in clinical research regarding individuals with
permanent neonatal diabetes mellitus (PNDM). Dr Pinney would be happy to communicate with persons who
have any questions regarding diagnosis of PNDM or other considerations.

Dr Pinney is also interested in hearing from clinicians treating families affected by monogenic diabetes in whom
no causative variant has been identified through molecular genetic testing of the genes known to be involved in
this group of disorders.

Children's Hospital of Philadelphia Monogenic and Atypical Diabetes Program
Phone: 1-215-590-3174

Acknowledgments

The authors receive grant support from NIH grants R0OIDK098517 and RO1FD004095 (DDDL); and
R37DK056268.

Author History

Diva D De Ledn, MD (2008-present)
Sara E Pinney, MD, MSTR (2024-present)
Charles A Stanley, MD; Children's Hospital of Philadelphia (2008-2024)

Revision History

o 14 November 2024 (sw) Comprehensive update posted live
o 29 ]July 2016 (sw) Comprehensive update posted live
 23January 2014 (me) Comprehensive update posted live

o 5]July 2011 (me) Comprehensive update posted live

+ 8 February 2008 (me) Review posted live

« 9 August 2007 (cas) Original submission

References

Literature Cited

Aly HH, De Franco E, Flanagan SE, Elhenawy YI. MNX1 mutations causing neonatal diabetes: Review of the
literature and report of a case with extra-pancreatic congenital defects presenting in severe diabetic
ketoacidosis. ] Diabetes Investig. 2023;14:516-21. PubMed PMID: 36586106.

American Diabetes Association Professional Practice Committee. 14. children and adolescents: standards of
medical care in diabetes-2022. Diabetes Care. 2022;45(Suppl 1):S208-5231. PubMed PMID: 34964865.

Ashcroft FM. KATP channels and the metabolic regulation of insulin secretion in health and disease: the 2022
Banting Medal for Scientific Achievement Award Lecture. Diabetes. 2023;72:693-702. PubMed PMID:
37815796.

Auerbach A, Cohen A, Ofek Shlomai N, Weinberg-Shukron A, Gulsuner S, King MC, Hemi R, Levy-Lahad E,
Abulibdeh A, Zangen D. NKX2-2 mutation causes congenital diabetes and infantile obesity with paradoxical
glucose-induced ghrelin secretion. ] Clin Endocrinol Metab. 2020;105:dgaa563. PubMed PMID: 32818257.


https://www.chop.edu/services/monogenic-and-atypical-diabetes-program
https://www.ncbi.nlm.nih.gov/pubmed/36586106
https://www.ncbi.nlm.nih.gov/pubmed/34964865
https://www.ncbi.nlm.nih.gov/pubmed/37815796
https://www.ncbi.nlm.nih.gov/pubmed/32818257

Permanent Neonatal Diabetes Mellitus 23

Babenko AP, Polak M, Cave H, Busiah K, Czernichow P, Scharfmann R, Bryan J, Aguilar-Bryan L, Vaxillaire M,
Froguel P. Activating mutations in the ABCCS gene in neonatal diabetes mellitus. N Engl ] Med.
2006;355:456-66. PubMed PMID: 16885549.

Babiker T, Vedovato N, Patel K, Thomas N, Finn R, Mdnnikko R, Chakera AJ, Flangan SE, Shepherd MH, Ellard
S, Ashcroft FM, Hattersley AT. Successful transfer to sylfonylureas in KCNJ11 is determined by the mutation
and duration of diabetes. Diabetologia. 2016;59:1162-6. PubMed PMID: 27033559.

Bowman P, Sulen A, Barbetti F, Beltrand J, Svalastoga P, Codner E, Tessmann EH, Juliusson PB, Skrivarhaug T,
Pearson ER, Flanagan SE, Babiker T, Thomas NJ, Shepherd MH, Ellard S, Klimes I, Szopa M, Polak M,
Iafusco D, Hattersley AT, Njolstad PR; Neonatal Diabetes International Collaborative Group. Effectiveness
and safety of long-term treatment with sulfonylureas in patients with neonatal diabetes due to KCNJ11
mutations: an international cohort study. Lancet Diabetes Endocrinol. 2018;6:637-46. PubMed PMID:
29880308.

Carmody D, Pastore AN, Landmeier KA, Letourneau LR, Martin R, Hwang JL, Naylor RN, Hunter SJ, Msall
ME, Philipson LH, Scott MN, Greeley SA. Patients with KCNJ11-related diabetes frequently have
neuropsychological impairments compared with sibling controls. Diabet Med. 2016;33:1380-6. PubMed
PMID: 27223594.

Cao BY, Gong CX, Wu D, Li XQ. Permanent neonatal diabetes caused by abnormalities in chromosome 6q24.
Diabet Med. 2017;34:1800-4. PubMed PMID: 29048742.

Colombo C, Delvecchio M, Zecchino C, Faienza MF, Cavallo L, Barbetti E. Transient neonatal diabetes mellitus
is associated with a recurrent (R201H) KCNJ11 (KIR6.2) mutation. Diabetologia. 2005;48:2439-41. PubMed
PMID: 16205880.

D'Amato E, Giacopelli F, Giannattasio A, D'Annunzio G, Bocciardi R, Musso M, Lorini R, Ravazzolo R. Genetic
investigation in an Italian child with an unusual association of atrial septal defect, attributable to a familial
GATA4 gene mutation, and neonatal diabetes due to pancreatic agenesis. Diabet Med. 2010;27:1195-200.
PubMed PMID: 20854389.

De Franco E, Caswell R, Johnson MB, Wakeling MN, Zung A, Diing VC, Bich Ngoc CT, Goonetilleke R,
Vivanco Jury M, El-Khateeb M, Ellard S, Flanagan SE, Ron D, Hattersley AT. De novo mutations in EIF2B1

affecting eIF2 signaling cause neonatal/early-onset diabetes and transient hepatic dysfunction. Diabetes.
2020a;69:477-83. PubMed PMID: 31882561.

De Franco E, Flanagan SE, Houghton JA, Lango Allen H, Mackay D], Temple IK, Ellard S, Hattersley AT. The
effect of early, comprehensive genomic testing on clinical care in neonatal diabetes: an international cohort
study. Lancet. 2015;386:957-63. PubMed PMID: 26231457.

De Franco E, Lytrivi M, Ibrahim H, Montaser H, Wakeling MN, Fantuzzi F, Patel K, Demarez C, Cai Y, Igoillo-
Esteve M, Cosentino C, Lithovius V, Vihinen H, Jokitalo E, Laver TW, Johnson MB, Sawatani T, Shakeri H,
Pachera N, Haliloglu B, Ozbek MN, Unal E, Yildirim R, Godbole T, Yildiz M, Aydin B, Bilheu A, Suzuki I,
Flanagan SE, Vanderhaeghen P, Senée V, Julier C, Marchetti P, Eizirik DL, Ellard S, Saariméki-Vire ],
Otonkoski T, Cnop M, Hattersley AT. YIPF5 mutations cause neonatal diabetes and microcephaly through
endoplasmic reticulum stress. J Clin Invest. 2020b;130:6338-53. PubMed PMID: 33164986.

De Franco E, Saint-Martin C, Brusgaard K, Knight Johnson AE, Aguilar-Bryan L, Bowman P, Arnoux JB, Larsen
AR, Sanyoura M, Greeley SAW, Calzada-Ledn R, Harman B, Houghton JAL, Nishimura-Meguro E, Laver
TW, Ellard S, Del Gaudio D, Christesen HT, Bellanné-Chantelot C, Flanagan SE. Update of variants
identified in the pancreatic f-cell KATP channel genes KCNJ11 and ABCC8 in individuals with congenital
hyperinsulinism and diabetes. Hum Mutat. 2020¢;41:884-905. PubMed PMID: 32027066.

Demirbilek H, Cayir A, Flanagan SE, Yildirim R, Kor Y, Gurbuz F, Haliloglu B, Yildiz M, Baran RT, Akbas ED,
Demiral M, Unal E, Arslan G, Vuralli D, Buyukyilmaz G, Al-Khawaga S, Saeed A, Al Maadheed M, Khalifa
A, Onal H, Yuksel B, Ozbek MN, Bereket A, Hattersley AT, Hussain K, De Franco E. Clinical characteristics


https://www.ncbi.nlm.nih.gov/pubmed/16885549
https://www.ncbi.nlm.nih.gov/pubmed/27033559
https://www.ncbi.nlm.nih.gov/pubmed/29880308
https://www.ncbi.nlm.nih.gov/pubmed/27223594
https://www.ncbi.nlm.nih.gov/pubmed/29048742
https://www.ncbi.nlm.nih.gov/pubmed/16205880
https://www.ncbi.nlm.nih.gov/pubmed/20854389
https://www.ncbi.nlm.nih.gov/pubmed/31882561
https://www.ncbi.nlm.nih.gov/pubmed/26231457
https://www.ncbi.nlm.nih.gov/pubmed/33164986
https://www.ncbi.nlm.nih.gov/pubmed/32027066

24 GeneReviews®

and long-term follow-up of patients with diabetes due to PTF1A enhancer mutations. ] Clin Endocrinol
Metab. 2020;105:e4351-9. PubMed PMID: 32893856.

Demirbilek H, Hatipoglu N, Gul U, Tatli ZU, Ellard S, Flanagan SE, De Franco E, Kurtoglu S. Permanent
neonatal diabetes mellitus and neurological abnormalities due to a novel homozygous missense mutation in
NEURODI. Pediatr Diabetes. 2018;19:898-904. PubMed PMID: 29521454.

Edghill EL, Flanagan SE, Ellard S. Permanent neonatal diabetes due to activating mutations in ABCC8 and
KCNJ11. Rev Endocr Metab Disord. 2010;11:193-8. PubMed PMID: 20922570.

Edghill EL, Gloyn AL, Goriely A, Harries LW, Flanagan SE, Rankin ], Hattersley AT, Ellard S. Origin of de novo
KCNJ11 mutations and risk of neonatal diabetes for subsequent siblings. ] Clin Endocrinol Metab.
2007;92:1773-7. PubMed PMID: 17327377.

Flanagan SE, De Franco E, Lango Allen H, Zerah M, Abdul-Rasoul MM, Edge JA, Stewart H, Alamiri E,
Hussain K, Wallis S, de Vries L, Rubio-Cabezas O, Houghton JAL, Edghill EL, Patch AM, Ellard S, Hattersley
AT. Analysis of transcription factors key for mouse pancreatic development establishes NKX2-2 and MNX1
mutations as causes of neonatal diabetes in man. Cell Metab. 2014;19:146-54. PubMed PMID: 24411943.

Flanagan SE, Edghill EL, Gloyn AL, Ellard S, Hattersley AT. Mutations in KCNJ11, which encodes Kir6.2, are a
common cause of diabetes diagnosed in the first 6 months of life, with the phenotype determined by
genotype. Diabetologia. 2006;49:1190-7. PubMed PMID: 16609879.

Flanagan SE, Patch AM, Mackay DJ, Edghill EL, Gloyn AL, Robinson D, Shield JP, Temple K, Ellard S, Hattersley
AT. Mutations in ATP-sensitive K+ channel genes cause transient neonatal diabetes and permanent diabetes
in childhood or adulthood. Diabetes. 2007;56:1930-7. PubMed PMID: 17446535.

Garin I, Edghill EL, Akerman I, Rubio-Cabezas O, Rica I, Locke JM, Maestro MA, Alshaikh A, Bundak R, del
Castillo G, Deeb A, Deiss D, Fernandez JM, Godbole K, Hussain K, O'Connell M, Klupa T, Kolouskova S,
Mobhsin E Perlman K, Sumnik Z, Rial JM, Ugarte E, Vasanthi T, Johnstone K, Flanagan SE, Martinez R,
Castafio C, Patch AM, Fernandez-Rebollo E, Raile K, Morgan N, Harries LW, Castafo L, Ellard S, Ferrer J,
Perez de Nanclares G, Hattersley AT., Neonatal Diabetes International Group. Recessive mutations in the INS
gene result in neonatal diabetes through reduced insulin biosynthesis. Proc Natl Acad Sci U S A.
2010;107:3105-10. PubMed PMID: 20133622.

Girard CA, Shimomura K, Proks P, Absalom N, Castano L, Perez de Nanclares G, Ashcroft FM. Functional
analysis of six Kir6.2 (KCNJ11) mutations causing neonatal diabetes. Pflugers Arch. 2006;453:323-32.
PubMed PMID: 17021801.

Gloyn AL, Cummings EA, Edghill EL, Harries LW, Scott R, Costa T, Temple IK, Hattersley AT, Ellard S.
Permanent neonatal diabetes due to paternal germline mosaicism for an activating mutation of the KCN]J11
gene encoding the Kir6.2 subunit of the beta-cell potassium adenosine triphosphate channel. ] Clin
Endocrinol Metab. 2004a;89:3932-5. PubMed PMID: 15292329.

Gloyn AL, Diatloft-Zito C, Edghill EL, Bellanne-Chantelot C, Nivot S, Coutant R, Ellard S, Hattersley AT,
Robert J]. KCNJ11 activating mutations are associated with developmental delay, epilepsy and neonatal
diabetes syndrome and other neurological features. Eur ] Hum Genet. 2006;14:824-30. PubMed PMID:
16670688.

Gloyn AL, Pearson ER, Antclift JE, Proks P, Bruining GJ, Slingerland AS, Howard N, Srinivasan S, Silva JM,
Molnes ], Edghill EL, Frayling TM, Temple IK, Mackay D, Shield JP, Sumnik Z, van Rhijn A, Wales JK, Clark
P, Gorman S, Aisenberg ], Ellard S, Njolstad PR, Ashcroft FM, Hattersley AT. Activating mutations in the
gene encoding the ATP-sensitive potassium-channel subunit Kir6.2 and permanent neonatal diabetes. N
Engl ] Med. 2004b;350:1838-49. PubMed PMID: 15115830.

Gloyn AL, Reimann E Girard C, Edghill EL, Proks P, Pearson ER, Temple IK, Mackay D], Shield JP, Freedenberg
D, Noyes K, Ellard S, Ashcroft FM, Gribble FM, Hattersley AT. Relapsing diabetes can result from
moderately activating mutations in KCNJ11. Hum Mol Genet. 2005;14:925-34. PubMed PMID: 15718250.


https://www.ncbi.nlm.nih.gov/pubmed/32893856
https://www.ncbi.nlm.nih.gov/pubmed/29521454
https://www.ncbi.nlm.nih.gov/pubmed/20922570
https://www.ncbi.nlm.nih.gov/pubmed/17327377
https://www.ncbi.nlm.nih.gov/pubmed/24411943
https://www.ncbi.nlm.nih.gov/pubmed/16609879
https://www.ncbi.nlm.nih.gov/pubmed/17446535
https://www.ncbi.nlm.nih.gov/pubmed/20133622
https://www.ncbi.nlm.nih.gov/pubmed/17021801
https://www.ncbi.nlm.nih.gov/pubmed/15292329
https://www.ncbi.nlm.nih.gov/pubmed/16670688
https://www.ncbi.nlm.nih.gov/pubmed/15115830
https://www.ncbi.nlm.nih.gov/pubmed/15718250

Permanent Neonatal Diabetes Mellitus 25

Greeley SA, Naylor RN, Philipson LH, Bell GI. Neonatal diabetes: an expanding list of genes allows for
improved diagnosis and treatment. Curr Diab Rep. 2011;11:519-32. PubMed PMID: 21993633.

Greeley SAW, McCauley MK, Philipson LH, Sperling MA. 10 - monogenic diabetes mellitus: neonatal diabetes
and maturity-onset diabetes of the young. In: Sperling MA, ed. Sperling Pediatric Endocrinology. 5th ed.
Philadelphia, PA: Elsevier; 2021:279-98.

Greeley SAW, Polak M, Njolstad PR, Barbetti F, Williams R, Castano L, Raile K, Chi DV, Habeb A, Hattersley
AT, Codner E. ISPAD Clinical Practice Consensus Guidelines 2022: the diagnosis and management of
monogenic diabetes in children and adolescents. Pediatr Diabetes. 2022;23:1188-211. PubMed PMID:
36537518.

Guo L, Ma ], Tang ], Hu D, Zhang W, Zhao X. Comparative efficacy and safety of metformin, glyburide, and
insulin in treating gestational diabetes mellitus: a meta-analysis. ] Diabetes Res. 2019;2019:9804708. PubMed
PMID: 31781670.

Habener JE, Kemp DM, Thomas MK. Minireview: transcriptional regulation in pancreatic development.
Endocrinology. 2005;146:1025-34. PubMed PMID: 15604203.

Hattersley AT, Ashcroft FM. Activating mutations in Kir6.2 and neonatal diabetes: new clinical syndromes, new
scientific insights, and new therapy. Diabetes. 2005;54:2503-13. PubMed PMID: 16123337.

Horikawa Y, Enya M. Genetic dissection and clinical features of MODY6 (NEUROD1-MODY). Curr Diab Rep.
2019;19:12. PubMed PMID: 30793219.

Huang SJ, Amendola LM, Sternen DL. Variation among DNA banking consent forms: points for clinicians to
bank on. ] Community Genet. 2022;13:389-97. PubMed PMID: 35834113.

Hussain K. Mutations in pancreatic 8-cell Glucokinase as a cause of hyperinsulinaemic hypoglycaemia and
neonatal diabetes mellitus. Rev Endocr Metab Disord. 2010;11:179-83. PubMed PMID: 20878480.

Johnson MB, De Franco E, Lango Allen H, Al Senani A, Elbarbary N, Siklar Z, Berberoglu M, Imane Z,
Haghighi A, Razavi Z, Ullah I, Alyaarubi S, Gardner D, Ellard S, Hattersley AT, Flanagan SE. Recessively
inherited LRBA mutations cause autoimmunity presenting as neonatal diabetes. Diabetes. 2017;66:2316-22.
PubMed PMID: 28473463.

Johnson MB, Hattersley AT, Flanagan SE. Monogenic autoimmune diseases of the endocrine system. Lancet
Diabetes Endocrinol. 2016;4:862-72. PubMed PMID: 27474216.

Kanakatti Shankar R, Pihoker C, Dolan LM, Standiford D, Badaru A, Dabelea D, et al. Permanent neonatal
diabetes mellitus: prevalence and genetic diagnosis in the SEARCH for diabetes in Youth Study. Pediatr
Diabetes. 2013;14:174-80. PubMed PMID: 23050777.

Koster JC, Cadario F, Peruzzi C, Colombo C, Nichols CG, Barbetti F. The G53D mutation in Kir6.2 (KCNJ11) is
associated with neonatal diabetes and motor dysfunction in adulthood that is improved with sulfonylurea
therapy. ] Clin Endocrinol Metab. 2008;93:1054-61. PubMed PMID: 18073297.

Landmeier KA, Lanning M, Carmody D, Greeley SAW, Msall ME. ADHD, learning difficulties and sleep
disturbances associated with KCNJ11-related neonatal diabetes. Pediatr Diabetes. 2017;18:518-23. PubMed
PMID: 27555491.

Lemelman MB, Letourneau L, Greeley SAW. Neonatal diabetes mellitus: an update on diagnosis and
management. Clin Perinatol. 2018;45:41-59. PubMed PMID: 29406006.

Masia R, Koster JC, Tumini S, Chiarelli F, Colombo C, Nichols CG, Barbetti F. An ATP-binding mutation
(G334D) in KCNJ11 is associated with a sulfonylurea-insensitive form of developmental delay, epilepsy, and
neonatal diabetes. Diabetes. 2007;56:328-36. PubMed PMID: 17259376.

Massa O, Iafusco D, D'Amato E, Gloyn AL, Hattersley AT, Pasquino B, Tonini G, Dammacco F, Zanette G,
Meschi E, Porzio O, Bottazzo G, Crino A, Lorini R, Cerutti E, Vanelli M, Barbetti F. KCNJ11 activating


https://www.ncbi.nlm.nih.gov/pubmed/21993633
https://www.ncbi.nlm.nih.gov/pubmed/36537518
https://www.ncbi.nlm.nih.gov/pubmed/31781670
https://www.ncbi.nlm.nih.gov/pubmed/15604203
https://www.ncbi.nlm.nih.gov/pubmed/16123337
https://www.ncbi.nlm.nih.gov/pubmed/30793219
https://www.ncbi.nlm.nih.gov/pubmed/35834113
https://www.ncbi.nlm.nih.gov/pubmed/20878480
https://www.ncbi.nlm.nih.gov/pubmed/28473463
https://www.ncbi.nlm.nih.gov/pubmed/27474216
https://www.ncbi.nlm.nih.gov/pubmed/23050777
https://www.ncbi.nlm.nih.gov/pubmed/18073297
https://www.ncbi.nlm.nih.gov/pubmed/27555491
https://www.ncbi.nlm.nih.gov/pubmed/29406006
https://www.ncbi.nlm.nih.gov/pubmed/17259376

26 GeneReviews®

mutations in Italian patients with permanent neonatal diabetes. Hum Mutat. 2005;25:22-7. PubMed PMID:
15580558.

Matschinsky FM. Regulation of pancreatic beta-cell glucokinase: from basics to therapeutics. Diabetes. 2002;51
Suppl 3 :5394-404. PubMed PMID: 12475782.

Mohamadi A, Clark LM, Lipkin PH, Mahone EM, Wodka EL, Plotnick LP. Medical and developmental impact
of transition from subcutaneous insulin to oral glyburide in a 15-yr-old boy with neonatal diabetes mellitus
and intermediate DEND syndrome: extending the age of KCNJ11 mutation testing in neonatal DM. Pediatr
Diabetes. 2010;11:203-7. PubMed PMID: 19686306.

Moretti ME, Rezvani M, Koren G. Safety of glyburide for gestational diabetes: a metab-analysis of pregnancy
outcomes. Ann Pharmacother. 2008;42:483-90. PubMed PMID: 18349305.

Nicolino M, Claiborn KC, Senée V, Boland A, Stoffers DA, Julier C. A novel hypomorphic PDX1 mutation
responsible for permanent neonatal diabetes with subclinical exocrine deficiency. Diabetes. 2010;59:733-40.
PubMed PMID: 20009086.

Nishi M, Nanjo K. Insulin gene mutations and diabetes. ] Diabetes Investig. 2011;2:92-100. PubMed PMID:
24843467.

Oriola ], Moreno F, Gutiérrez-Nogués A, Ledn S, Garcia-Herrero CM, Vincent O, Navas MA. Lack of
glibenclamide response in a case of permanent neonatal diabetes caused by incomplete inactivation of
glucokinase. JIMD Rep. 2015;20:21-6. PubMed PMID: 25665835.

Patch AM, Flanagan SE, Boustred C, Hattersley AT, Ellard S. Mutations in the ABCC8 gene encoding the SUR1
subunit of the KATP channel cause transient neonatal diabetes, permanent neonatal diabetes or permanent
diabetes diagnosed outside the neonatal period. Diabetes Obes Metab. 2007;9 Suppl 2 :28-39. PubMed
PMID: 17919176.

Philippi A, Heller S, Costa IG, Senée V, Breunig M, Li Z, Kwon G, Russell R, Illing A, Lin Q, Hohwieler M,
Degavre A, Zalloua P, Liebau S, Schuster M, Krumm J, Zhang X, Geusz R, Benthuysen JR, Wang A, Chiou J,
Gaulton K, Neubauer H, Simon E, Klein T, Wagner M, Nair G, Besse C, Dandine-Roulland C, Olaso R,
Deleuze JE, Kuster B, Hebrok M, Seufferlein T, Sander M, Boehm BO, Oswald E Nicolino M, Julier C, Kleger
A. Mutations and variants of ONECUT]1 in diabetes. Nat Med. 2021;27:1928-40. PubMed PMID: 34663987.

Polak M, Dechaume A, Cavé H, Nimri R, Crosnier H, Sulmont V, de Kerdanet M, Scharfmann R, Lebenthal Y,
Froguel P, Vaxillaire M., French Neonatal Diabetes Study Group. Heterozygous missense mutations in the
insulin gene are linked to permanent diabetes appearing in the neonatal period or in early infancy: a report
from the French ND (Neonatal Diabetes) Study Group. Diabetes. 2008;57:1115-9. PubMed PMID:
18171712.

Proks P, Antclift JE Lippiat J, Gloyn AL, Hattersley AT, Ashcroft FM. Molecular basis of Kir6.2 mutations
associated with neonatal diabetes or neonatal diabetes plus neurological features. Proc Natl Acad Sci U S A.
2004;101:17539-44. PubMed PMID: 15583126.

Raile K, O'Connell M, Galler A, Werther G, Kiithnen P, Krude H, Blankenstein O. Diabetes caused by insulin
gene (INS) deletion: clinical characteristics of homozygous and heterozygous individuals. Eur ] Endocrinol.
2011;165:255-60. PubMed PMID: 21566073.

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster ], Grody WW, Hegde M, Lyon E, Spector E,
Voelkerding K, Rehm HL; ACMG Laboratory Quality Assurance Committee. Standards and guidelines for
the interpretation of sequence variants: a joint consensus recommendation of the American College of
Medical Genetics and Genomics and the Association for Molecular Pathology. Genet Med. 2015;17:405-24.
PubMed PMID: 25741868.

Rubio-Cabezas O, Minton JA, Kantor I, Williams D, Ellard S, Hattersley AT. Homozygous mutations in
NEUROD1 are responsible for a novel syndrome of permanent neonatal diabetes and neurological
abnormalities. Diabetes. 2010;59:2326-31. PubMed PMID: 20573748.


https://www.ncbi.nlm.nih.gov/pubmed/15580558
https://www.ncbi.nlm.nih.gov/pubmed/12475782
https://www.ncbi.nlm.nih.gov/pubmed/19686306
https://www.ncbi.nlm.nih.gov/pubmed/18349305
https://www.ncbi.nlm.nih.gov/pubmed/20009086
https://www.ncbi.nlm.nih.gov/pubmed/24843467
https://www.ncbi.nlm.nih.gov/pubmed/25665835
https://www.ncbi.nlm.nih.gov/pubmed/17919176
https://www.ncbi.nlm.nih.gov/pubmed/34663987
https://www.ncbi.nlm.nih.gov/pubmed/18171712
https://www.ncbi.nlm.nih.gov/pubmed/15583126
https://www.ncbi.nlm.nih.gov/pubmed/21566073
https://www.ncbi.nlm.nih.gov/pubmed/25741868
https://www.ncbi.nlm.nih.gov/pubmed/20573748

Permanent Neonatal Diabetes Mellitus 27

Saarimaki-Vire J, Balboa D, Russell MA, Saarikettu J, Kinnunen M, Keskitalo S, Malhi A, Valensisi C, Andrus C,
Eurola S, Grym H, Ustinov ], Wartiovaara K, Hawkins RD, Silvennoinen O, Varjosalo M, Morgan NG,
Otonkoski T. An activating STAT3 mutation causes neonatal diabetes through premature induction of
pancreatic differentiation. Cell Rep. 2017;19:281-94. PubMed PMID: 28402852.

Sansbury FH, Flanagan SE, Houghton JA, Shuixian Shen FL, Al-Senani AM, Habeb AM, Abdullah M,
Kariminejad A, Ellard S, Hattersley AT. SLC2A2 mutations can cause neonatal diabetes, suggesting GLUT2
may have a role in human insulin secretion. Diabetologia. 2012;55:2381-5. PubMed PMID: 22660720.

Sansbury FH, Kirel B, Caswell R, Allen HL, Flanagan SE, Hattersley AT, Ellard S, Shaw-Smith CJ. Biallelic REX6
mutations can cause childhood as well as neonatal onset diabetes mellitus. Eur ] Hum Genet.
2015;23:1744-8. PubMed PMID: 26264437.

Shaw-Smith C, De Franco E, Lango Allen H, Batlle M, Flanagan SE, Borowiec M, Taplin CE, van Alfen-van der
Velden ], Cruz-Rojo ], Perez de Nanclares G, Miedzybrodzka Z, Deja G, Wlodarska I, Mlynarski W, Ferrer ],
Hattersley AT, Ellard S. GATA4 mutations are a cause of neonatal diabetes in childhood-onset diabetes.
Diabetes. 2014;63:2888-94. PubMed PMID: 24696446.

Shaw-Smith C, Flanagan SE, Patch AM, Grulich-Henn ], Habeb AM, Hussain K, Pomahacova R, Matyka K,
Abdullah M, Hattersley AT, Ellard S. Recessive SLC19A2 mutations are a cause of neonatal diabetes mellitus
in thiamine-responsive megaloblastic anaemia. Pediatric Diabetes. 2012;13:314-21. PubMed PMID:
22369132.

Shimomura K, Horster F, de Wet H, Flanagan SE, Ellard S, Hattersley AT, Wolf NI, Ashcroft F, Ebinger F. A
novel mutation causing DEND syndrome: a treatable channelopathy of pancreas and brain. Neurology.
2007;69:1342-9. PubMed PMID: 17652641.

Solomon BD, Pineda-Alvarez DE, Balog JZ, Hadley D, Gropman AL, Nandagopal R, Han JC, Hahn J§, Blain D,
Brooks B, Muenke M. Compound heterozygosity for mutations in PAX6 in a patient with complex brain
anomaly, neonatal diabetes mellitus, and microophthalmia. Am ] Med Genet Part A. 2009;149A:2543-6.
PubMed PMID: 19876904.

Sri Nagesh V, Hattersley A, Ellard S, De Franco E, Flanagan S, Naseem A, Ahmed A, Ahmed T, Venkateswarlu
K. A unique IL2RA mutation presenting as neonatal diabetes, congenital hypothyroidism and sepsis. ESPE
Abstracts. 2016;86:P-P2-584.

Stenson PD, Mort M, Ball EV, Chapman M, Evans K, Azevedo L, Hayden M, Heywood S, Millar DS, Phillips
AD, Cooper DN. The Human Gene Mutation Database (HGMD®): optimizing its use in a clinical diagnostic
or research setting. Hum Genet. 2020;139:1197-207. PubMed PMID: 32596782.

Sty J, Edghill EL, Flanagan SE, Ye H, Paz VP, Pluzhnikov A, Below JE, Hayes MG, Cox NJ, Lipkind GM, Lipton
RB, Greeley SA, Patch AM, Ellard S, Steiner DF, Hattersley AT, Philipson LH, Bell GI. Insulin gene mutations
as a cause of permanent neonatal diabetes. Proc Natl Acad Sci U S A. 2007;104:15040-4. PubMed PMID:
17855560.

Stoy ], Greeley SA, Paz VP, Ye H, Pastore AN, Skowron KB, Lipton RB, Cogen FR, Bell GI, Philipson LH; United
States Neonatal Diabetes Working Group. Diagnosis and treatment of neonatal diabetes: a United States
experience. Pediatr Diabetes. 2008;9:450-9. PubMed PMID: 18662362.

Stoy J, Steiner DF, Park S-Y, Ye H, Philipson LH, Bell GI. Clinical and molecular genetics of neonatal diabetes
due to mutations in the insulin gene. Rev Endocr Metab Disord. 2010;11:205-15. PubMed PMID: 20938745.

Thurber BW, Carmody D, Tadie EC, Pastore AN, Dickens JT, Wroblewski KE, Naylor RN, Philipson LH, Greeley
SAW. Age at time of sulfonylurea initiation influences treatment outcomes in KCNJ11-related neonatal
diabetes. Diabetologia. 2015;58:1430-5. PubMed PMID: 25877689.

Tikhonovich Y, Petryaykina E, Zubkova N, Garyaeva I, Tiulpakov A. Early transition to sulfonylurea therapy in
infant with DEND syndrome due to F132L ABCC8 mutation. Acta Diabetol. 2022;59:1251-3. PubMed
PMID: 35648253.


https://www.ncbi.nlm.nih.gov/pubmed/28402852
https://www.ncbi.nlm.nih.gov/pubmed/22660720
https://www.ncbi.nlm.nih.gov/pubmed/26264437
https://www.ncbi.nlm.nih.gov/pubmed/24696446
https://www.ncbi.nlm.nih.gov/pubmed/22369132
https://www.ncbi.nlm.nih.gov/pubmed/17652641
https://www.ncbi.nlm.nih.gov/pubmed/19876904
https://www.ncbi.nlm.nih.gov/pubmed/32596782
https://www.ncbi.nlm.nih.gov/pubmed/17855560
https://www.ncbi.nlm.nih.gov/pubmed/18662362
https://www.ncbi.nlm.nih.gov/pubmed/20938745
https://www.ncbi.nlm.nih.gov/pubmed/25877689
https://www.ncbi.nlm.nih.gov/pubmed/35648253

28 GeneReviews®

Turkkahraman D, Bircan I, Tribble ND, Akgurin S, Ellard S, Gloyn AL. Permanent neonatal diabetes mellitus
caused by a novel homozygous (T168A) glucokinase (GCK) mutation: initial response to oral sulphonylurea
therapy. ] Pediatr. 2008;153:122-6. PubMed PMID: 18571549.

Warncke K, Eckert A, Kapellen T, Kummer S, Raile K, Dunstheimer D, Grulich-Henn J, Woelfle ], Wenzel S,
Hofer SE, Dost A, Holl RW. Clinical presentation and long-term outcome of patients with KCNJ11/ABCC8
variants: neonatal diabetes or MODY in the DPV registry from Germany and Austria. Pediatr Diabetes.
2022;23:999-1008. PubMed PMID: 35822653.

Welters A, Meissner T, Konrad K, Freiberg C, Warncke K, Judmaier S, Kordonouri O, Wurm M, Papsch M,
Fitzke G, Schmidt SC, Tittel SR, Holl RW. Diabetes management in Wolcott-Rallison syndrome: analysis
from the German/Austrian DPV database. Orphanet ] Rare Dis. 2020;15:100. PubMed PMID: 32321554.

Yasuda T, Kajimoto Y, Fujitani Y, Watada H, Yamamoto S, Watarai T, Umayahara Y, Matsuhisa M, Gorogawa S,
Kuwayama Y, Tano Y, Yamasaki Y, Hori M. PAX6 mutation as a genetic factor common to aniridia and
glucose intolerance. Diabetes. 2002;51:224-30. PubMed PMID: 11756345.

Yorifuji T, Kawakita R, Hosokawa Y, Fujimaru R, Yamaguchi E, Tamagawa N. Dominantly inherited diabetes
mellitus caused by GATAG6 haploinsufficiency: variable intrafamilial presentation. ] Med Genet.
2012;49:642-3. PubMed PMID: 22962692.

Zhang H, Colclough K, Gloyn AL, Pollin TI. Monogenic diabetes: a gateway to precision medicine in diabetes. |
Clin Invest. 2021;131:e142244. PubMed PMID: 33529164.

License

GeneReviews® chapters are owned by the University of Washington. Permission is hereby granted to reproduce,
distribute, and translate copies of content materials for noncommercial research purposes only, provided that (i) credit for
source (http://www.genereviews.org/) and copyright (© 1993-2024 University of Washington) are included with each
copy; (i) a link to the original material is provided whenever the material is published elsewhere on the Web; and (iii)
reproducers, distributors, and/or translators comply with the GeneReviews® Copyright Notice and Usage Disclaimer. No
further modifications are allowed. For clarity, excerpts of GeneReviews chapters for use in lab reports and clinic notes are
a permitted use.

For more information, see the GeneReviews® Copyright Notice and Usage Disclaimer.

For questions regarding permissions or whether a specified use is allowed, contact: admasst@uw.edu.


https://www.ncbi.nlm.nih.gov/pubmed/18571549
https://www.ncbi.nlm.nih.gov/pubmed/35822653
https://www.ncbi.nlm.nih.gov/pubmed/32321554
https://www.ncbi.nlm.nih.gov/pubmed/11756345
https://www.ncbi.nlm.nih.gov/pubmed/22962692
https://www.ncbi.nlm.nih.gov/pubmed/33529164
http://www.genereviews.org/
https://www.ncbi.nlm.nih.gov/books/n/gene/GRcopyright_permiss/
https://www.ncbi.nlm.nih.gov/books/n/gene/GRcopyright_permiss/

	Summary
	Diagnosis
	Clinical Characteristics
	Genetically Related Allelic Disorders
	Differential Diagnosis
	Management
	Genetic Counseling
	Resources
	Molecular Genetics
	Chapter Notes
	References

