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Abstract

Congenital hyperinsulinism (HI) is the most frequent cause of persistent hypoglycemia in infants 

and children. Delays in diagnosis and initiation of appropriate treatment contribute to a high risk 

of neurocognitive impairment. HI represents a heterogeneous group of disorders characterized by 

dysregulated insulin secretion by the pancreatic beta cells, which in utero, may result in somatic 

overgrowth. There are at least nine known monogenic forms of HI as well as several syndromic 

forms. Molecular diagnosis allows for prediction of responsiveness to medical treatment and 

likelihood of surgically-curable focal hyperinsulinism. Timely genetic mutation analysis has thus 

become standard of care. However, despite significant advances in our understanding of the 

molecular basis of this disorder, the number of patients without an identified genetic diagnosis 

remains high, suggesting that there are likely additional genetic loci that have yet to be discovered.
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Introduction

Congenital hyperinsulinism (HI) is the most common cause of persistent hypoglycemia in 

infants and children. To date, at least nine monogenic forms of HI have been identified in 

addition to several syndromic forms. Prompt identification of congenital HI is crucial to 

minimize the risk of permanent neurological damage that results from untreated 

hypoglycemia. Despite significant advances which have expanded our understanding of the 

pathophysiology of this disorder, the cause of HI remains unknown in up to 50% of patients 

suggesting the role of additional genetic loci that have yet to be discovered (Kapoor et al., 
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2013; Martinez et al., 2016; Snider et al., 2013). In this article, we review the known 

monogenic and syndromic forms of HI as well as the approach to genetic testing.

Clinical Diagnosis

Infants with congenital hyperinsulinism typically present with persistent hypoglycemia 

shortly after birth, but they can also present later in infancy. Clinical clues to the diagnosis of 

HI include increased glucose utilization requiring high glucose infusion rates to maintain 

euglycemia and large for gestational age birth weight. The latter results because fetal insulin 

secretion induces cellular hyperplasia via insulin-like growth factor 1 receptor (IGF1R) 

mediated signaling and by promoting anabolic metabolism (Hill, 1982) and is thus a major 

determinant of in utero growth.

The diagnosis of HI is made based upon the critical sample, the blood specimen obtained at 

the time of spontaneous or provoked hypoglycemia, and the glycemic response to glucagon. 

The threshold plasma glucose for obtaining the critical sample is < 50mg/dL to permit 

investigation of the biochemical counter-regulatory response to hypoglycemia and to limit 

the likelihood of false positive results. Biochemical findings consistent with inappropriate 

insulin action (Table 1) include inappropriately low plasma beta-hydroxybutyrate and free 

fatty acid concentrations, and a glycemic response to glucagon of 30 mg/dL or more at the 

time of hypoglycemia (Finegold, Stanley, & Baker, 1980). While a detectable insulin level at 

the time of hypoglycemia is inappropriate and consistent with insulin excess, the absence of 

measurably elevated insulin does not exclude a diagnosis of HI. In many cases, increased 

insulin levels are not observed because the serum insulin concentration is below the 

detection threshold of the insulin assay utilized (Palladino, Bennett, & Stanley, 2008). 

Hemolysis of the blood sample may also result in undetectable insulin concentration (D. D. 

De Leon & Stanley, 2013). Conversely, due to improvements in assay sensitivity and 

differences in laboratory reporting practices, serum insulin may be reported as detectable in 

the absence of hyperinsulinism. Thus, accurate diagnosis requires a comprehensive 

interpretation of biochemical markers of insulin action, and does not rely solely upon an 

insulin level.

Therapeutic Approach

The primary goal for hyperinsulinism treatment is to maintain plasma glucose > 70 mg/dL, 

above the threshold for activation of neuroendocrine responses to hypoglycemia. This target 

is supported by physiology and reflects current consensus opinion recognizing an absence of 

outcomes data comparing different therapeutic thresholds (Thornton et al., 2015). Diazoxide, 

which acts to open pancreatic β-cell ATP-sensitive potassium (KATP) channels and decrease 

insulin secretion, is the first-line therapeutic agent. However, diazoxide is ineffective in 

treating hyperinsulinism caused by inactivating mutations in the genes encoding the KATP 

channel. Diazoxide-responsiveness is typically the starting point for distinguishing 

congenital hyperinsulinism phenotypes and it is defined operationally as the demonstration 

that the cardinal features of hyperinsulinemic hypoglycemia (i.e. fasting hypoketotic 

hypoglycemia) are corrected while on treatment with diazoxide at doses ≤ 15mg/kg/day. 

Practically, this is assessed by demonstrating: 1) appropriate beta-hydroxybutyrate elevation 
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(>2 mmol/L) prior to the decline of plasma glucose concentration below 50–60 mg/dL 

during a provocative fasting test, and 2) correction of protein-induced hypoglycemia, when 

present.

Treatment options for diazoxide-unresponsive cases are limited. Second-line medical 

therapy for hyperinsulinism includes octreotide and the longer-acting somatostatin analogs, 

which act downstream of the KATP channel to inhibit insulin secretion (Hosokawa et al., 

2017; Modan-Moses, Koren, Mazor-Aronovitch, Pinhas-Hamiel, & Landau, 2011). As 

explained later, the treatment of choice for focal hyperinsulinism is localized surgical 

excision. For non-focal cases unresponsive to medical therapy, subtotal pancreatectomy may 

be required. That the optimal management of hyperinsulinism is dependent upon the 

underlying cause accentuates the importance of early ascertainment of a genetic diagnosis.

Monogenic forms of congenital HI

The incidence of congenital HI is estimated at 1 in 40000 live births in the general 

population and as high as 1 in 2500 in populations with high rates of consanguinity (Mathew 

et al., 1988; Otonkoski et al., 1999). Defects in key genes involved in regulating pancreatic 

β-cell insulin secretion cause this heterogeneous clinical condition characterized by 

recurrent hyperinsulinemic hypoglycemia (Figure 1). Notably, several of the genes 

associated with monogenic congenital HI are also involved in the pathogenesis of 

monogenic diabetes.

KATP-HI

The most common and severe form of monogenic HI is caused by inactivating mutations in 

ABCC8 and KCNJ11 located on chromosome 11p15.1, which respectively encode the two 

subunits, SUR-1 (sulfonylurea receptor) and Kir6.2 (potassium pore), of the hetero-

octameric β-cell plasma membrane ATP-sensitive potassium channel (P. Thomas, Ye, & 

Lightner, 1996; P. M. Thomas et al., 1995). KATP-HI mutations are inherited in either a 

recessive or dominant manner. Biallelic inheritance of recessive KATP channel mutations 

result in complete absence of plasma membrane KATP channels and therefore diazoxide-

unresponsiveness (Cartier, Conti, Vandenberg, & Shyng, 2001). Monoallelic paternally 

inherited recessive KATP channel mutations in combination with a somatic loss of maternal 

11p15 result in absence of plasma membrane KATP channels only in a localized area of the 

pancreas (see later description of focal hyperinsulinism) (Verkarre et al., 1998). Monoallelic 

dominant KATP channel mutations allow for normal protein trafficking but result in the 

incorporation of mutant subunits into the KATP channel complex and impaired channel 

function. Mutations that severely diminish channel activity cause diazoxide-unresponsive 

HI. In contrast, mutations that permit residual KATP activity result in a diazoxide-responsive 

form (Macmullen et al., 2011; Pinney et al., 2008). Biallelic recessive and dominant 

diazoxide-unresponsive KATP-HI are clinically indistinguishable from each other at 

presentation. Affected neonates are born large for gestational age and present with severe 

hypoglycemia in the first few days of life (D. D. De Leon, Stanley, C.A., 2012). Both fasting 

and protein-induced hypoglycemia are observed; the latter likely results from glutamine-

mediated amplification of glucagon-like peptide 1 (GLP-1) receptor signaling (D. D. De 
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Leon et al., 2008). Near-total pancreatectomy is frequently required to control 

hypoglycemia. Dominant diazoxide-responsive forms typically manifest with milder 

hypoglycemia due to retained partial KATP function. Presentation may be delayed beyond 

infancy, and in some cases, hypoglycemia remains unrecognized until adulthood (Pinney et 

al., 2008). Children treated with near-total pancreatectomy are at high risk of progression to 

insulin-dependent diabetes mellitus; incidence rates exceed 90% by early adolescence 

(Beltrand et al., 2012; Lord et al., 2015). Furthermore, development of both gestational and 

insulin-dependent diabetes has been reported in non-surgically treated patients. Based upon 

findings in transgenic KATP-HI mice, hyperglycemia in these cases likely results from 

increased β-cell apoptosis; however, the pathophysiology in humans has not been fully 

determined (Huopio et al., 2000).

KATP-HI can be classified into two distinct histological forms: a diffuse form with functional 

abnormality of all pancreatic β-cells and a focal form with localized islet cell adenomatous 

hyperplasia. Diffuse hyperinsulinism results from monoallelic dominant or biallelic 

recessive mutations in ABCC8 or KCNJ11. Focal KATP-HI occurs via a “two-hit” 

mechanism of paternal transmission of a monoallelic recessive loss-of-function mutation in 

ABCC8 or KCNJ11 followed by a somatic loss of maternal 11p15 compensated by paternal 

uniparental disomy (Verkarre et al., 1998). Loss of maternally expressed genes involved in 

tumor suppression results in the histological findings of localized islet hyperplasia, while 

reduction to homozygosity of the paternally inherited recessive mutation within the lesion 

results in diazoxide-unresponsiveness (Figure 2). Clinically, focal KATP-HI presents 

similarly to the diffuse diazoxide-unresponsive KATP forms. While focal disease is more 

likely to present at an older age and with hypoglycemic seizures than diffuse, the observed 

differences are sufficiently subtle to preclude clinical differentiation between these 

histologic forms (Lord, Dzata, Snider, Gallagher, & De Leon, 2013). However, identification 

of focal cases is extremely important as surgical excision of the discrete lesion results in cure 

in 97% of patients (Adzick et al., 2018). Conversely, surgery can help ameliorate severe 

hypoglycemia, but does not cure diffuse disease.

Over 180 unique mutations causing KATP-HI have been identified since the initial 

description of the molecular basis of the disorder in 1995 with ABCC8 mutations 

comprising the majority. KATP defects account for approximately 90% of identified 

mutations in diazoxide-unresponsive HI and 50% of these cases are focal. These findings 

highlight the paramount importance of mutation analysis in determining therapeutic options 

and prognostication.

GK-HI

Glucokinase, encoded by GCK on chromosome 7p13, functions as the pancreatic β-cell 

glucose sensor responsible for regulation of glucose-stimulated insulin secretion. Dominant 

activating mutations lower the glucose threshold for insulin release resulting in 

hyperinsulinemic hypoglycemia of varying severity (Glaser et al., 1998). Affected children 

are often born large-for-gestational age and may present with severe hypoglycemia at birth. 

However, presentation in adulthood is not uncommon and clinical phenotype may differ 

markedly, even between affected individuals within the same family (Challis et al., 2014; 
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Martinez et al., 2017). The majority of cases are unresponsive to diazoxide therapy. Among 

those treated with near-total pancreatectomy, many continue to require medical management 

to prevent hypoglycemia (Sayed, 2012). In these difficult-to-manage cases, combined 

therapy with diazoxide and a long-acting somatostatin analogue has been employed with 

some success (Wabitsch et al., 2007). For patients requiring dietary management, continuous 

enteric feeds may prove superior to treatment with intragastric dextrose.

GDH-HI

Dominant activating mutations in GLUD1 cause the hyperinsulinism hyperammonemia 

(HI/HA) syndrome, the second most common form of congenital HI and most common form 

of diazoxide-responsive HI (Snider et al., 2013; Stanley et al., 1998). GLUD1, located on 

chromosome 10q23.3, encodes glutamate dehydrogenase (GDH) a mitochondrial matrix 

enzyme expressed in liver, kidney, brain, and pancreatic ß-cells. Disease-causing mutations 

in GDH result in impaired sensitivity to allosteric inhibition by guanosine triphosphate 

(GTP). Consequently, normal leucine-mediated allosteric activation is uninhibited leading to 

the clinical phenotype of fasting and protein-induced hyperinsulinemic hypoglycemia (Kelly 

et al., 2001) (Figure 1). In addition to HI, affected patients have persistent hyperammonemia 

due to the effects of the activating mutation in the kidney (Treberg, Clow, Greene, Brosnan, 

& Brosnan, 2010). Ammonia levels are typically elevated two to five times the normal range 

but are not associated with the classical signs of lethargy, headaches, or vomiting observed 

in other hyperammonemic disorders (Palladino & Stanley, 2010). However, a high rate of 

neurological abnormalities, including epilepsy, learning disabilities, and behavioral disorders 

are observed in affected patients (Bahi-Buisson et al., 2008; Kelly & Stanley, 2008). These 

symptoms are unrelated to hypoglycemia and may reflect GDH overactivity in the brain. 

HI/HA syndrome is associated with a normal birthweight, milder fasting hypoglycemia, and 

later age of presentation (median age 4–5 months) as compared to KATP-HI (Kapoor et al., 

2009; Stanley et al., 2000). Hypoglycemia is usually easily controlled by diazoxide and 

dietary modification, including avoiding the consumption of protein without concomitant 

carbohydrate intake.

SCHAD-HI

Inactivating mutations of short-chain, 3-hydroxyacyl-coA dehydrogenase (SCHAD) encoded 

by HADH on chromosome 4q25 cause a rare, autosomal recessive form of HI. SCHAD is a 

mitochondrial enzyme highly expressed in the pancreas with dual roles of catalyzing fatty 

acid β-oxidation and inhibitory regulation of GDH (Li et al., 2010). Loss of inhibitory 

regulation of GDH by SCHAD results in a similar phenotype of fasting and protein-induced 

hypoglycemia as in GDH-HI but without associated hyperammonemia or 

neurodevelopmental abnormalities (Heslegrave & Hussain, 2013). An abnormal pattern of 

elevated fatty acid metabolites, 3-hydroxybutyryl-carnitine in plasma and 3-hydroxyglutaric 

acid in urine, was noted in the first reported cases but has not been universally observed in 

subsequent reports possibly due to varying degrees of enzyme deficiency (Clayton et al., 

2001; Popa et al., 2012). Notably, affected children do not exhibit hepatic, cardiac, or 

skeletal muscle dysfunction characteristic of fatty acid oxidation disorders. Over 40 cases 

have been reported in the literature to date with variable clinical presentation ranging from 

severe neonatal hypoglycemia presenting in the first few days of life to mild infancy-onset 
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hypoglycemia (Camtosun et al., 2015; Flanagan et al., 2011). The majority of cases had 

normal birth weights and all have been responsive to diazoxide.

HNF4A-HI and HNF1A-HI

Dominant inactivating mutations in HNF4A and HNF1A, the genes encoding transcription 

factors hepatocyte nuclear factors 4α (HNF4α) and 1α (HNF1α), respectively, cause 

congenital hyperinsulinism followed by monogenic diabetes later in life (Pearson et al., 

2007; Stanescu, Hughes, Kaplan, Stanley, & De Leon, 2012). HNF4A, located on 

chromosome 20q13.2, and HNF1A, located on chromosome 12q24.31, have been shown to 

co-regulate expression of each other in addition to forming a regulatory network important 

for both glucose-stimulated insulin secretion and maintenance of the fully differentiated β-

cell phenotype (Mitchell & Frayling, 2002). However, the mechanism by which these 

mutations result in a biphasic phenotype of hyperinsulinism early in life and diabetes in 

adulthood has not been elucidated. HI due to mutations in these genes is classically 

characterized by macrosomia, early neonatal presentation, and diazoxide responsiveness. 

Importantly, consideration of this diagnosis should not be excluded among those with 

normal birth weight; large-for-gestational age birth weight was recently reported among 

30% of children with HNF1A-HI and 40% with HNF4A-HI in the largest case series to date 

(Tung, Boodhansingh, Stanley, & De Leon, 2018). The severity and natural history are 

clinically heterogeneous, ranging from transient hypoglycemia that does not necessitate 

pharmacologic treatment to the persistence of hyperinsulinism into late childhood 

(McGlacken-Byrne et al., 2014; Tung et al., 2018). Recently, a mutation-specific phenotype 

associated with the p.Arg63Trp mutation in HNF4A has been identified. Nine patients with 

this mutation have been described, all with proximal renal tubular dysfunction (atypical 

Fanconi syndrome) in addition to the recognized β-cell phenotype (Hamilton et al., 2014; 

Improda et al., 2016; Stanescu et al., 2012).

MCT1-HI

Dominant mutations in the regulatory regions of SLC16A1 on chromosome 1 encoding the 

pyruvate transporter monocarboxylate transporter 1 (MCT1) result in exercise-induced 

hyperinsulinism (EIHI). Normally, pancreatic β-cell expression of MCT1 is suppressed to 

prevent stimulation of insulin secretion by pyruvate and lactate. Mutations in the promoter 

region of SLC16A1 lead to aberrant MCT1 expression and inappropriate insulin secretion in 

response to rising intracellular pyruvate concentrations during anaerobic exercise. Thirteen 

patients from three families have been identified thus far with severity of symptoms ranging 

from mild to recurrent hypoglycemic syncope (Meissner et al., 2001; Otonkoski et al., 

2007). This disorder is best treated by carbohydrate intake surrounding periods of vigorous 

exercise because the response to diazoxide is often incomplete.

UCP2-HI

Dominant loss of function mutations in UCP2, located on chromosome 11q13.4, encoding 

the mitochondrial carrier protein uncoupling protein 2 (UCP2) were first described to result 

in diazoxide-responsive hyperinsulinism in 2008. Since then, a total of nine patients with 

this disorder have been identified (Gonzalez-Barroso et al., 2008; Laver et al., 2017; Snider 

et al., 2013). The majority of affected children were born appropriate for gestational age and 
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presented with hypoglycemic seizure. Profound postprandial hypoglycemia due to amplified 

β-cell glucose-stimulated insulin secretion has been described as a distinguishing feature (C. 

T. Ferrara et al., 2017). More recently, the role of UCP2 as a monogenic cause of HI has 

been questioned based upon the high prevalence of UCP2 variants identified in the general 

population utilizing data from the Genome Aggregation Database (gnomAD) (Laver et al., 

2017).

HK-1

The HK1 gene encodes hexokinase 1 (HK1), a glucose-phosphorylating enzyme with high 

affinity for glucose. Its expression is normally suppressed in β-cells. Impaired silencing of 

HK1 expression lowers the glucose threshold for insulin secretion, resulting in 

hyperinsulinemic hypoglycemia (Henquin et al., 2013). Variants in the noncoding regions of 

HK1 have been proposed as the cause of a dominant form of diazoxide-responsive HI based 

upon analysis of a large, four-generation pedigree with congenital hyperinsulinism (Pinney 

et al., 2013).

Syndromic forms of HI

Hyperinsulinism is a feature of several developmental syndromes (Table 2). The most 

common syndrome associated with HI is Beckwith-Wiedemann syndrome, which is 

discussed in detail elsewhere in this issue. In some syndromes, such as Kabuki syndrome, 

congenital hyperinsulinism may be the presenting feature (Yap et al., 2018). HI is observed 

in up to 70% of infants with Kabuki syndrome and is often diazoxide-responsive. While the 

genetic basis for many of these disorders has been discovered, the mechanisms responsible 

for hyperinsulinism remain unknown.

Mimickers of Congenital HI

Activating mutations in the PI3K-AKT-mTOR insulin signaling pathway genes including 

AKT2, AKT3, and PIK3CA cause hypoinsulinemic hypoglycemia albeit with a phenotype 

similar to HI characterized by severe, recurrent hypoketotic hypoglycemia and 

inappropriately low free fatty acids indicative of excess insulin action. This phenotype 

results from constitutive, autonomous activity of the downstream signaling pathway in the 

absence of the normal physiological ligand, insulin (Arya et al., 2014; Hussain et al., 2011). 

Affected children often require continuous intragastric feedings to maintain euglycemia. All 

three mutations are associated with asymmetric somatic overgrowth; AKT3 and PIK3CA 
mutations are additionally associated with megalocephaly (Leiter et al., 2017).

Perinatal Stress-Induced HI

In contrast to the rarity of monogenic congenital HI, prolonged neonatal hyperinsulinism 

due to perinatal stress is quite common. Risk factors are conditions associated with fetal 

distress and include intrauterine growth restriction, perinatal asphyxia, meconium aspiration, 

and maternal toxemia, among others. While most infants have an apparent predisposition 

based upon birth history, this may not be obvious in all cases. The etiology of perinatal 

stress-induced HI remains unknown; a persistence of fetal patterns of insulin regulation has 
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been hypothesized. Affected neonates are, with rare exception, diazoxide-responsive and 

hyperinsulinism typically resolves within the first few weeks of life although may persist for 

several months (Hoe et al., 2006).

Strategic Approach to Genetic Testing

Genetic testing for hyperinsulinism is performed in a two tier approach (Figure 3). Children 

who are unresponsive to medical therapy with diazoxide undergo Tier 1 testing which 

includes genes involved in diazoxide-unresponsive HI (ABCC8, KCNJ11, GCK). Tier 1 

testing is performed by direct sequencing of exons and flanking introns for all genes. This 

testing also includes deletion/duplication analysis for all genes as well as screening for the 

deep intronic mutation in ABCC8 identified as a founder mutation in the Irish population. 

Tier 1 testing is performed with a rapid turnaround time of five to seven days, and includes 

parental testing of identified variants. This rapid turnaround time with simultaneous parental 

testing is crucial for identifying children who likely have a focal lesion and thus can be 

cured of their hypoglycemia following surgical resection. The presence of a single recessive 

KATP mutation has been shown to predict focal HI with 97% sensitivity and 90% specificity 

(Snider et al., 2013).

Children who are responsive to medical therapy with diazoxide undergo Tier 2 testing which 

includes testing for 9 genes (ABCC8, KCNJ11, GLUD1, GCK, HADH, UCP2, HNF4A, 

HNF1A, MCT1). Tier 2 testing is performed by next generation sequencing of exons and 

flanking introns for all genes. Deletion/duplication analysis for all genes is included in Tier 

2 testing. Testing for the deep intronic mutation in ABCC8 identified as a founder mutation 

in the Irish population, as well as for the deep intronic mutation in HADH identified in the 

Turkish population, are also included in this testing. The turnaround time for Tier 2 testing is 

approximately four weeks and includes parental testing for identified mutations.

Reporting laboratories rely on the American College of Medical Genetics guidelines for 

variant interpretation, published literature, and laboratory-specific internal knowledge to 

determine whether a given variant detected in a causative gene should be classified as 

pathogenic (Richards et al., 2015). The most difficult variants are those classified as 

“unknown significance” where the burden of evidence does not rule in/out a change as 

diseases causing. In these cases our approach includes evaluation of additional evidence 

from functional studies, familial segregation, phenotyping of the proband and other family 

members carrying the variant, which may help to reclassify the changes as pathogenic or 

non-pathogenic.

Parental testing should be included in the genetic analysis for all cases in which a mutation 

is identified. This information not only aids in the clinical management for the affected 

child, but can identify other family members who may be at risk of hypoglycemia. 

Furthermore, parental testing can aid in counseling the families of recurrence risk in future 

children.

Our approach has been to consider genetic testing for syndromic forms of HI in cases where 

a mutation is not detected on the above panels. Others have proposed that routine testing for 
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syndromic HI in patients without suggestive features is not warranted. Laver, et al. recently 

reported their findings on 82 infants with HI of unknown genetic etiology without a clinical 

diagnosis of a known syndrome. After genetic evaluation for 20 syndromes associated with 

HI, a pathologic KMT2D variant was identified in one patient. No pathogenic variants were 

identified in the remainder of the cohort (Laver et al., 2018). While not included in our 

congenital HI genetic panel, some panels employed at other institutions include KMT2D and 

KDM6A, the genes responsible for Kabuki syndrome. We anticipate that our recommended 

approach may change as our understanding of the mechanisms underlying hyperinsulinism 

in these syndromic forms develops.

Of note, the approach to genetic testing in other centers around the world may differ to ours. 

The variety of gene testing arises from various aspects of gene testing. For example, the 

panel of genes included in the Targeted Panel sequencing ranges from as few as 4 genes 

(ABCC8, KCNJ11, GCK and GLUD1) to 9 genes (ABCC8, KCNJ11, GCK, GLUD1, 

SLC16A1, UCP2, HNF1A, HNF4A, and HADH). Some laboratories include syndrome 

associated HI genes such as KMT2D, KDM6A for Kabuki syndrome. In many cases, 

parental testing is not included as standard of care. However for diazoxide-unresponsive 

cases, information on the parent of origin can inform on the possibility of focal HI and 

therefore, potential benefits of surgical management and can be crucial in clinical decision 

making process.

It is important to recognize the limitations of genetic testing in cases where a disease-

causing mutation is not identified. De novo mutations confined to the pancreas will not be 

detected by analysis of peripheral blood (Henquin et al., 2013). Deep intronic or promoter 

mutations may be missed as a consequence of the sequencing methodology employed by a 

given laboratory. Lastly, mutations in novel causative genes cannot be excluded.

Conclusions

Timely identification of genotype is crucial to aid in prediction of clinical phenotype, 

including determination of best therapeutic options, to limit exposure to persistent 

hypoglycemia, and thus reduce risk of permanent brain damage in affected infants and 

children. Currently, the number of cases without an identified genetic diagnosis remains 

high. Thus, further research into the molecular genetics of congenital HI including the 

development and utilization of newer sequencing technologies is needed.
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Figure 1. Genetic causes of congenital HI.
Pancreatic β-cell insulin secretion is predominately controlled by oxidation of glucose and 

amino acids. Glucose is transported into the β-cell by an insulin-independent glucose 

transporter (GLUT), predominantly GLUT1, and is phosphorylated by glucokinase (GCK). 

Glucose metabolism leads to an elevated intracellular ATP/ADP ratio resulting in sequential 

closure of plasma membrane ATP-sensitive KATP channels (composed of SUR1 and Kir6.2 

subunits), membrane depolarization, activation of voltage-gated calcium channels, elevation 

of cytosolic calcium, and release of insulin from storage granules into the circulation. Amino 

acids stimulate insulin secretion via a variety of mechanisms. Leucine stimulates insulin 

secretion by allosterically activating glutamate dehydrogenase (GDH), increasing the 

oxidation of glutamate to alpha-ketoglutarate which increases the ATP/ADP ratio and 

triggers the insulin secretion cascade. GDH is allosterically inhibited by GTP and SCHAD. 

Diazoxide activates KATP channels thereby inhibiting insulin secretion. Defects in the 

triggering pathway for insulin secretion cause monogenic HI. Genes associated with 

congenital HI are highlighted in bold and include: SUR1 (sulfonylurea receptor), Kir6.2 
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(inwardly rectifying potassium channel), GCK (glucokinase), HK1 (hexokinase 1), GDH 

(glutamate dehydrogenase), SCHAD (short-chain 3-OH acyl-CoA dehydrogenase), HNF4a 

(hepatocyte nuclear transcription factor 4alpha), and HNF1a (hepatocyte nuclear 

transcription factor 1alpha), MCT1 (monocarboxylate transporter 1), UCP2 (uncoupling 

protein 2).
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Figure 2. “Two-hit” mechanism of focal hyperinsulinism.
(A) The paternally inherited chromosome is depicted in blue and the maternally inherited 

chromosome in orange. The paternally inherited mutation in the ABCC8 or KCNJ11 gene 

(red) is present in all cells. The black circle highlights the imprinted 11p15 region normally 

containing maternally expressed tumor suppressor genes, H19 and CDKN1C, and paternally 

expressed growth promoting factor IGF2. (B) Somatic loss of the maternal 11p15 region is 

compensated by paternal uniparental disomy resulting in the focal pancreatic lesion.
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Figure 3. Genetic etiologies of HI stratified by diazoxide responsiveness.
Data from 814 children with hyperinsulinism treated at the Children’s Hospital of 

Philadelphia. Among those with diazoxide-unresponsive HI, KATP mutations were the most 

common etiology identified by genetic testing: focal KATP (50%), biallelic recessive KATP 

(31%), monoallelic dominant KATP (7%), GCK (3%), no mutation identified (9.5%). In 

contrast, the most common finding among those with diazoxide-responsive HI was no 

identified mutation (64.5%), followed by monoallelic dominant KATP (14.5%), GLUD1 
(12%), HNF4A (3%), HNF1A (3%), UCP2 (2%), and HADH (0.6%).
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Table 1.

Sensitivity and Specificity of Critical Sample Laboratory Values for the Diagnosis of Hyperinsulinism (C. 

Ferrara, Patel, Becker, Stanley, & Kelly, 2016)

Sensitivity, % Specificity, %

DETECTABLE INSULIN 82.2 100

ELEVATED C-PEPTIDE (≥0.5 ng/mL) 88.5 100

SUPPRESSED IGFBP1 (≤ 110 ng/mL) 85 97

SUPPRESSED β-HYDROXYBUTYRATE (<1.8 mM) 100 100

SUPPRESSED FREE FATTY ACIDS (<1.7 mM) 86.9 100

POSITIVE GLYCEMIC RESPONSE TO 1MG GLUCAGON INJECTION (Δ plasma glucose 
≥30mg/dL)

88.9 100

IGFBP1: insulin-like growth factor binding protein 1
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Table 2.

Syndromic forms of HI:

GENE LOCUS INHERITANCE ASSOCIATED FEATURES

OVERGROWTH SYNDROMES

BECKWITH-WIEDEMANN 
SYNDROME
(KALISH ET AL., 2016)

IGF2, H19, 
CDKN1C, 
KCNQ1

11p15.4 Sporadic Macrosomia, macroglossia, hemihypertrophy, 
visceromegaly, abdominal wall defects, ear creases/
pits, embryonal tumors

SOTOS-LIKE SYNDROMES
SOTOS SYNDROME
MALAN SYNDROME
(GRAND ET AL., 2019; 
MATSUO ET AL., 2013; 
TATTON-BROWN ET AL., 
2005)

NSD1 NFIX 5q35 19p13 Sporadic or AD Macrocephaly, distinctive facial features (broad and 
prominent forehead, sparse frontotemporal hair, 
long narrow face and chin), learning disability, 
advanced bone age

SIMPSON-GOLABI-BEHMEL
(SAJORDA, GONZALEZ-
GANDOLFI, HATHAWAY, & 
KALISH, 1993)

GPC3 Xq26 X-linked Pre- and postnatal overgrowth, macrocephaly, 
coarse facial features, macrosomia, macroglossia, 
palatal abnormalities, mild to severe intellectual 
disability with or without structural brain anomalies

PERLMAN SYNDROME
(MORRIS, ASTUTI, & 
MAHER, 2013)

DIS3L2 2q37.1 AR Neonatal macrosomia, polyhydramnios, broad and 
flat nasal bridge, everted V-shaped upper lip, low-set 
ears, deep-set eyes, prominent forehead, renal 
dysplasia, nephroblastomatosis, high neonatal 
mortality rate

POSTNATAL GROWTH FAILURE SYNDROMES

KABUKI SYNDROME
(ADAM ET AL., 2018)

KMT2D 
KDM6A

12q13.12 
Xp11.3

AR Sporadic Postnatal growth restriction, long palpebral fissures 
with eversion of the lateral third of the lower eyelid, 
arched and broad eyebrows, large, prominent or 
cupped ears, short columella with depressed nasal 
tip, persistent fingertip pads, cardiac defects, 
intellectual disability

COSTELLO SYNDROME
(GRIPP ET AL., 2016)

HRAS 11p15.5 AD Sporadic Failure to thrive, short stature; developmental delay 
or intellectual disability, coarse facial features (full 
lips, large mouth, full nasal tip), macrocephaly, 
hypertrophic cardiomyopathy, solid tumor risk

TURNER SYNDROME
(GIBSON ET AL., 2018)

KDM6A? X Sporadic Short stature, premature ovarian failure, low 
posterior hairline, congenital heart defects, renal and 
skeletal abnormalities, autoimmune thyroiditis

CONGENITAL DISORDERS OF GLYCOSYLATION (CDG)

CDG 1A
(SPARKS & KRASNEWICH, 
1993)

PMM2 16p13.2 AR Failure to thrive, hypotonia, inverted nipples, 
abnormal subcutaneous fat distribution, cerebellar 
hypoplasia, developmental delay

CDG 1B
(SPARKS & KRASNEWICH, 
1993)

MPI 15q24.1 AR Failure to thrive, cyclic vomiting, hepatic fibrosis, 
protein-losing enteropathy, coagulopathy

PGM-1 CDG (FORMERLY 
CDG 1T)
(WONG ET AL., 2016)

PGM1 1p31.3 AR Hepatopathy, cleft palate, bifid uvula, dilated 
cardiomyopathy, growth retardation, myopathy

OTHER

FORKHEAD BOX A2
(GIRI ET AL., 2017; 
VAJRAVELU ET AL., 2018)

FOXA2 20p11.21 Sporadic Hypopituitarism, hypertelorism, choroidal 
coloboma, thin upper lip, low-set ears, widely 
spaced nipples

L-TYPE VOLTAGE-
DEPENDENT CALCIUM 
CHANNEL, ALPHA-1D 
SUBUNIT
(FLANAGAN ET AL., 2017)

CACNA1D 3p21.1 Sporadic Congenital heart defects (aortic insufficiency, 
ventricular septal defect, biventricular hypertrophy), 
hypotonia, seizures, developmental delay, primary 
hyperaldosteronism

TIMOTHY SYNDROME CACNA1C 12p13.33 AD Sporadic Prolonged QT interval, congenital heart disease, 
cutaneous syndactyly, low-set ears, depressed nasal 
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GENE LOCUS INHERITANCE ASSOCIATED FEATURES

(NAPOLITANO, SPLAWSKI, 
TIMOTHY, BLOISE, & 
PRIORI, 1993)

bridge, thin vermilion border of the upper lip, 
developmental delay, autism

TRISOMY 13
(TAMAME ET AL., 2004)

Trisomy 13 Sporadic Holoprosencephaly, microphthalmia, cleft lip/palate, 
postaxial polydactyly, cardiac and urogenital 
malformations, severe intellectual disability

TYROSINEMIA TYPE 1
(BAUMANN, PREECE, 
GREEN, KELLY, & 
MCKIERNAN, 2005)

FAH 15q25.1 AR Failure to thrive, liver failure, renal Fanconi 
syndrome, neurologic crises, risk for hepatocellular 
carcinoma

USHER SYNDROME, TYPE 
1C
(AL MUTAIR ET AL., 2013)

USH1C-
ABCC8†

11p15.1 AR Congenital sensorineural deafness, vestibular 
dysfunction, retinitis pigmentosa

AD: autosomal dominant, AR: autosomal recessive

†
contiguous gene deletion including ABCC8
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