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Phosphomannomutase 2
hyperinsulinemia: Recent
advances of genetic
pathogenesis, diagnosis,
and management

Congli Chen † and Yanmei Sang *

Department of Pediatric Endocrinology, Genetic and Metabolism, Beijing Children’s Hospital,
Capital Medical University, National Center for Children’s Health, Beijing, China
Congenital hyperinsulinemia (CHI), is a clinically heterogeneous disorder that

presents as a major cause of persistent and recurrent hypoglycemia during

infancy and childhood. There are 16 subtypes of CHI-related genes.

Phosphomannomutase 2 hyperinsulinemia (PMM2-HI) is an extremely rare

subtype which is first reported in 2017, with only 18 families reported so far.

This review provides a structured description of the genetic pathogenesis, and

current diagnostic and therapeutic advances of PMM2-HI to increase clinicians’

awareness of PMM2-HI.

KEYWORDS

congenital disorder of glycosylation, diazoxide, congenital hyperinsulinism,
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Search strategy and selection criteria

We searched PubMed for full-text original studies and case reports written in English, to

identify reports about the genetic pathogenesis, diagnosis, and management pathophysiology,

consequences, and treatment of phosphomannomutase 2 hyperinsulinemia. The search terms

used were “hyperinsulinism”, “congenital hyperinsulinism”, “congenital hypoglycemia”,

“phosphomannomutase 2”, and “PMM2 protein”.
Abbreviations: CHI, Congenital hyperinsulinemia; PMM2-HI, Phosphomannomutase 2

hyperinsulinemia; PMM2, Phosphomannomutase 2; KATP-HI, Adenosine triphosphate-sensitive

potassium channel hyperinsulinism; GDH-HI, Glutamate dehydrogenase hyperinsulinism; ZNF143,

Zinc figure protein 143; HH, hyperinsulinemic hypoglycemia; ARPKD, autosomal recessive polycystic

kidney disease; PMM2-CDG, phosphomannomutase-2-congenital disorders of glycosylation; Dol-P-Man,

polyphenol-P-oligosaccharide; CDG1a, congenital disorders of glycosylation, type 1a; SUR, sulfonylurea

receptor; HGMD, Human Gene Mutation Database; TAD, topologically associated domains; CTCF,

CCCTC binding factor; HNF4A, Hepatocyte nuclear factor 4 alpha.
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The reference lists of the identified papers were also used to

identify further papers of interest. The final reference list was

selected on the basis of relevance to this study.
Introduction

Congenital hyperinsulinism (CHI) is one of the principal

causes of persistent, recurrent hypoglycemia in infancy and

childhood, and is highly genetical ly and clinical ly

heterogeneous. At least 16 CHI-related pathogenic genes

(ABCC8, KCNJ11, GLUD1, GCK, HADH, SLC16A1, UCP2,

HNF4A, HNF1A, HK1, KCNQ1, CACNA1D, FOXA2, EIF2S3,

PGM1, and PMM2) have been identified so far and are involved

in the regulation of insulin secretion from pancreatic b-cells (1,
2). Nevertheless, almost 40% of children with CHI still have

unidentified genes to date (3). Among the clinical subtypes,

adenosine triphosphate-sensitive potassium channel

hyperinsulinism (KATP-HI) is the most common and most

clinically severe subtype, accounting for approximately 40-50%

of CHI patients. Glutamate dehydrogenase hyperinsulinism

(GDH-HI) is the second most common type, and the

remaining subtypes are extremely rare. Zinc figure protein 143

(ZNF143) has an altered affinity for phosphomannomutase 2

(PMM2) gene promoter due to a variant in the promoter of the

PMM2 gene, resulting in abnormal expression of the PMM2,

which is a principal N-glycosylation enzyme encoded by the

PMM2 gene in the pancreas. Consequently, this results in

abnormal insulin secretion from pancreatic b-cells and

phosphomannomutase 2 hyperinsulinism (PMM2-HI).

PMM2-HI is one of the extremely rare types of CHI, with

approximately at least 18 families and over 26 patients with

PMM2-HI reported to date. This review will illustrate the recent

advances in genetic pathogenesis, diagnosis, and management

regarding PMM2-HI, in an attempt to contribute to clinicians’

awareness of the disease, which in turn will facilitate the early

diagnosis and management of hypoglycemia in infancy

and childhood.
PMM2-HI

In 2004, Müller et al. reported a 5-year-old patient with

polycystic kidney disease accompanied by hyperinsulinemic

hypoglycemia, and the first clinical association between

polycystic kidney disease with hyperinsulinemia was described,

but the genetic pathogenesis was not further elucidated (4). In

2007, Cabezas et al. (5) described the association of PMM2 gene

promoter variants with hyperinsulinemic hypoglycemia (HH)

and autosomal recessive polycystic kidney disease (ARPKD),

first proposing the concept of PMM2-HI. Using Sanger

sequencing of 17 children with concurrent HH and ARPKD

from 11 unrelated European pedigree families, Cabezas et al.
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identified promoter (c.-167G>T) pure or trans-coding

mutations in the PMM2 gene of all patients, with the four

patients from the consanguineous families having a pure

heterozygous status and the others with a compound

heterozygous status. These patients did not present with the

characteristic clinical features and laboratory findings of

phosphomannomutase-2-congenital disorders of glycosylation

(PMM2-CDG, OMIM: #212065), which are the most common

disease with variants in the PMM2 but presenting only with

symptoms of ARPKD, hepatocytes, and hypoglycemia. Most of

these patients present at birth as giant fetuses. The median onset

of hypoglycemia in the children was 10 months of age, with only

one patient with onset at 4 years of age and the rest within 1 year

of age, typically presenting with seizures. Most patients are

responding effectively to diazoxide treatment, with a small

number of patients spontaneously resolving without treatment

(5). Since then, several researchers have identified and

supplemented the nucleotide sequences of PMM2 gene

promoter mutations in patients diagnosed with HH and

ARPKD (6–10). In 2020, Moreno et al. illustrated six patients

in four unrelated Spanish families with variants in the PMM2

gene and present with PMM2-HI and ARPKD, all of whom had

the heterozygous variant c-167G>T in the PMM2 promoter

region. Moreno et al. presented that patients with PMM2

promoter mutations might also carry PMM2-CDG-associated

mutations, but only 2 patients suffered from the PMM2-CDG

phenotype (7).

PMM2-CDG is a disease that was first proposed in 1997 (11)

and can present hyperinsulinemia, but most of the currently

known literature on PMM2-CDG only mentions the

hypoglycemic phenotype and insulin level at the time of

hypoglycemia was not demonstrated detailed (12).
PMM2 gene and PMM2 protein

The PMM2 gene, located on chromosome 16p13, is a small

gene consisting of eight exons with a total length of approximately

6.7kb (https://www.ncbi.nlm.nih.gov/gene/5373). PMM2 is a

protein consisting of 246 amino acids (11) and is widely

expressed in the digestive tract, lymph nodes, adrenal glands,

adipose tissue, pancreas, liver, brain tissue, and other tissues, with

the highest concentrations observed in the colon and duodenum

PMM2. PMM2 catalyzes the initiation of the N-glycosylation

process and the second step of the mannose pathway, the

isomerization of mannose-6-phosphate to mannose-1-

phosphate, in the metabolism of fructose and mannose, amino

and Nucleotide glycans in humans. Mannose-1-phosphate as a

precursor of guanosine diphosphate (GDP-mannose), is a

material required for the synthesis of polyphenol-P-

oligosaccharide (Dol-P-Man), which is further involved in the

synthesis of mannose and protein glycosylation (Figure 1) (13). In

particular, variants in the PMM2 gene have been proved to
frontiersin.org
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contribute to defects in the protein glycosylation pathway (11, 13–

16), manifesting as carbohydrate-deficient glycoprotein syndrome

type I (congenital disorders of glycosylation, type 1a, CDG1a),

with CDG1a the most common CDG disorder. The sulfonylurea

receptor (SUR) is a key protein in the regulation of insulin

secretion, and it was demonstrated that glycosylation plays an

important role in SUR receptor-targeted membrane

transportation (17), and Cabezas et al. further revealed in vitro

experiments that insulin secretion from pancreatic b-cells was

markedly changed after SUR deglycosylation, with consequent

severe effects on human metabolism.
Mutation profiles of PMM2-HI-
related genes

Cumulatively, 144 mutation types were reported in PMM2

retrieved from the Human Gene Mutation Database (HGMD,

www.hgmd.cf.ac.uk). As research progressed from Cabezas (5)

to date, PMM2-HI has been reported in at east 18 families with

more than 26 patients with PMM2-HI, and all were inherited as

autosomal compound heterozygous recessive genes. At least five

variant types have been reported, including four missense

mutations and one splice variant (Figure 2). In each of these

patients, the c.-167G>T variant, which has been proven to be a

PMM2 promoter variant, leads to a decreased affinity for the

PMM2 promoter ZNF143 (5), which contributes to defective

glycosylation in the kidney and pancreas by altering the forming

of the tridimensional structure of the chromatin ring and thus

tissue-specific modulation of PMM2 enzyme transcription in

vivo. Additionally, the ClinVar and OMIM databases were

searched that the four remaining PMM2 gene variant types
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(c.422G>A(p.Arg141His), c.470T>C(p.Phe157Ser), c.620T>C

(p.Phe207Ser), and c.255+1G>A) have all been previously

described in patients with different types of CDG1a syndrome.
Genetic pathogenesis of PMM2-HI

Previous studies have shown (18) that the tridimensional

structure of chromatin plays a key role in the regulation of gene

expression in the coding region according to noncoding regions

of genes. The loops structure, also known as topologically

associated domains (TAD), is composed of chromatin and

CCCTC binding factor (CTCF) on both sides, acting as the

basic unit of transcriptional regulation and influences the

tridimensional structure of chromatin (19, 20). The area

around PMM2 contains a few CTCF sites and functional

promoters. Pairs of CTCF sites interact with each other to

form local chromatin loops. ZNF143 interacts with specific

CTCF sites (Figure 1), and connecting CTCF with the remote

regulatory elements affects the formation of chromatin loops,

carrying out specific gene regulation (20–23).

Although PMM2 is generally expressed in a variety of

tissues, it was demonstrated that PMM2 expression possessed

certain tissue specificity (24). Hepatocyte nuclear factor 4 alpha

(HNF4A), one of the transcription factors, is mainly expressed in

the liver, pancreas, and kidney, and HNF4A promotes the

binding of wild-type PMM2 promoter to ZNF143 during

transcription to establish a functional chromatin loops loop,

while the mutual interaction of mutant PMM2 promoter with

ZNF143 and CTCF interactions are disrupted by HNF4A and

PMM2 enzyme transcription is decreased (18, 19, 22). Thus,

PMM2 promoter variant patients manifested symptoms only in

the liver, pancreas, and kidneys.
A B

FIGURE 1

(A) Pathway of PMM2 involved. Mannose-1-phosphate is a precursor of guanosine diphosphate (GDP-mannose) which is a material required for
the synthesis of polyphenol-P-oligosaccharide (Dol-P-Man) and is further involved in the synthesis of mannose and protein glycosylation.
(B) Regulation mechanism of PMM2 promoter: ZNF143 interacts with specific CTCF sites, and by connecting CTCF with the remote regulatory
elements, it affects the formation of chromatin loops, carrying out specific gene regulation.
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Decreased PMM2 enzyme expression in the liver, pancreas,

and kidneys leads to impaired crucial glycosylation in their

respective organs. As a consequence of impaired key protein

glycosylation, it manifests in the liver as prenatal ultrasound or

postnatal bile duct dilatation as well as congenital hepatic fibrosis;

in the kidney it can be observed as bilateral renal enlargement,

diffuse echogenic kidney, pathological examination revealing renal

cysts (mainly of tubular origin) as well as huge renal cysts that

resemble ARPKD. The mechanism of PMM2-HI relates to

pancreatic SUR receptor deglycosylation, a key protein in the

regulation of insulin secretion, and the evidence indicates (17) that

glycosylation plays an essential role in SUR receptor-targeted

membrane transport. SUR is a key protein in the modulation of

insulin secretion. Cabeza et al. found (5) that after the stimulation

of mouse b-cells with protein kinase C activator insulin secretion

significantly increased after stimulation with protein kinase C

activator, which demonstrates that deglycosylation exerts a

significant effect on insulin secretion.

Pathological specimens of the pancreas in affected patients

are also rare by the extremely rare clinical occurrence of PMM2-

HI. Only two cases of pancreatic pathology in patients with

PMM2-HI have been reported: one patient’s pancreatic

histology showed mild dilatation of the pancreatic ducts, and

one patient’s pancreas showed no abnormalities (10). Moreover,

to the best of our acknowledgment, no 18F-L-DOPA-PET

pancreatic scan results of PMM2-HI patients have been

reported in the literature, which prevents definitive staging for

the time being, and more research is urgently needed in

the future.
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Clinical characteristics of PMM2-HI

The majority of PMM2-HI patients reported to date have an

autosomal recessive mode of inheritance and are from families of

European ancestry. 25% probability of CHI occurring in

children born to parents with PMM2-HI children and most of

these patients are overweight at birth. A few cases may have

onset in childhood, with the latest reported age of onset being 4

years. No association has been found between the age of onset

and the severity of symptoms.

The clinical manifestations of PMM2-HI patients are

primarily polycystic kidneys, hyperinsulinemic hypoglycemia,

and polycystic liver. Bilateral renal enlargement, diffuse

echogenic kidneys, and diminished hepatic parenchymal

differentiation, and multiple small cysts around the liver may

be detected on prenatal ultrasound or after birth. Chronic kidney

disease symptoms progress slowly, especially after the age of 35

years when the progression of kidney disease is further slowed.

Patients with hypoglycemia mostly onset with epilepsy,

without the manifestation of high blood ammonia and liver

function abnormalities, occasionally with high serum lactate.

Compared with CDG1a patients with PMM2 gene variant,

PMM2-HI patients showed no neurological impairment and

no transferrin hydroelectric focusing. However, in a case

reported by Dorval et al. (10) fetal ultrasonography showed

abnormally enlarged kidneys at 23 weeks of the first pregnancy

in an unrelated couple. After the termination of pregnancy at 25

weeks, neuropathological examination showed cerebellar

hypoplasia with the denticulate nucleus and optic nerve
FIGURE 2

Variants in patients with PMM2-HI reported in the literature.
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defects, presumably associated with the patient’s simultaneous

heterozygosity for CDG1a-related variants.
Diagnosis of PMM2-HI

PMM2-HI is diagnosed in the same manner as other types of

CHI, based on the child’s presentation of non-ketotic

hypoglycemia, requiring large amounts of glucose infusion to

control hypoglycemic episodes, and overproduction of insulin

which is incompatible with hypoglycemia. According to the

guidelines published by Ferrara et al. (25) in 2016, the

diagnostic criteria for CHI are as follows: when intravenous

plasma glucose <2.8 mmol/L accompanied by asynchronous

insulin secretion (usually >1-2 mU/ml; or still detectable C-

peptide >0.2 mmol/L), low levels of b-hydroxybutyric acid

(<1.8 mmol/L), low free fatty acids (<1.7 mmol/L), positive

glucagon stimulation test (test procedure: 1 mg glucagon

intramuscularly or intravenously, a neonatal dose of 0.5 mg,

blood glucose elevation ≥1.7 mmol/L). Besides the above

indicators, PMM2-HI can also be diagnosed by genetic

examination with the genetic variant c.-167G>T, which is

typical differential diagnostic evidence of PMM2-HI.
Treatment of PMM2-HI

The treatment of PMM2-HI patients in the acute stage is

consistent with those of other types of CHI patients, in which rapid

infusion of glucose (26) (reported in the literature (6) at amaximum

rate of up to 17.6mg/kg/min) can be infused to prevent andmitigate

the onset of hypoglycemia in order to avoid permanent damaging of

the neurological system of the child due to hypoglycemic episodes.

Pharmacologically, diazoxide is the first choice for the control of

hypoglycemic episodes in CHI patients, and it is a KATP channel

activator (27–29). Since PMM2 promoter gene variants did not

induce structural changes in KATP channels, about 54% (14/26) of

patients received diazoxide treatment, and it was shown that all

PMM2-HIpatients respondedeffectively todiazoxide treatment.The

most frequent complications of diazoxide are sodium retention and

pulmonary hypertension (30, 31). In childrenwhoare at risk ofwater

and sodiumretention andpulmonary hypertension and require high

volumes of glucose infusion to control the occurrence of

hypoglycemia, a thiazide diuretic (hydrochlorothiazide 1-2mg/kg/

day, bid) can be used in advance to prevent heart failure (32). Other

side effects of diazoxide include neutropenia, blood volume

hypertension, and hypertrichosis. There is no literature reported on

the application of octreotide to treat patients with PMM2-HI.

Using captopril (0.2 mg/day) is also recommended to

improve renal function in patients with decreased GFR due to

polycystic kidneys.

To date, there is no literature reporting the following

treatments for PMM2-HI: hormone therapy (such as
Frontiers in Endocrinology 05
glucagon) and surgical therapy (focal lesion resection or

diffuse lesion near-total pancreatectomy), which are commonly

used as treatment strategies for patients with CHI besides

pharmacological treatment.
Prognosis of PMM2-HI

As reported in the available studies (5–10, 12), patients with

PMM2-HI treated with diazoxide are clinically effective with

diazoxide medication, hence, if the diagnosis and reasonable

treatment are performed early, complications such as neurological

damage due to persistent recurrent hypoglycemia can be effectively

avoided and the clinical prognosis is generally promising. There is no

report of spontaneous recovery in children with PMM2-HI.

The majority of children with PMM2-HI have an early onset

of symptoms and are most effective on diazoxide therapy. In

clinical practice, children with prenatal ultrasound diagnosis of

polycystic kidney for which attention should be paid to monitor

their blood glucose and insulin levels. Once the child’s blood

glucose has recovered to normal levels, follow-up testing of the

child’s kidney and liver function should be performed. Genetic

tests such as sanger should be performed promptly in children

with diagnosed CHI which can assist in genetic typing,

formulation of a more effective and precise therapeutic

strategy, and effectively improve the prognosis of children with

CHI (33–35).

Meanwhile, more basic research and clinical research reports on

themechanismof PMM2promoter variants are needed in the future

to further clarify the type of pancreatic pathology, neurological

damage symptoms, and therapeutic options for PMM2-HI.
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T, et al. Cystic kidney diseases associated with mutations in phosphomannomutase
2 promotor: a large spectrum of phenotypes. Pediatr Nephrol. (2021) 36(8):2361–9.
doi: 10.1007/s00467-021-04953-9

11. Matthijs G, Schollen E, Pardon E, Veiga-Da-Cunha M, Jaeken J, Cassiman
JJ, et al. Mutations in PMM2, a phosphomannomutase gene on chromosome
16p13, in carbohydrate-deficient glycoprotein type I syndrome (Jaeken syndrome).
Nat Genet (1997) 16(1):88–92. doi: 10.1038/ng0597-88

12. Vuralli D, Yildiz Y, Ozon A, Dursun A, Gonc N, Tokatlı A, et al.
Hyperinsulinism may be underreported in hypoglycemic patients with
phosphomannomutase 2 deficiency. J Clin Res Pediatr Endocrinol (2022) 14(3):
275-286. doi: 10.4274/jcrpe.galenos.2021.2021-10-14

13. Matthijs G, Schollen E, Bjursell C, Erlandson A, Freeze H, Imtiaz F, et al.
Mutations in PMM2 that cause congenital disorders of glycosylation, type ia
(CDG-ia). Hum Mutat (2000) 16(5):386–94. doi: 10.1002/1098-1004(200011)
16:5<386::AID-HUMU2>3.0.CO;2-Y

14. Lam C, Krasnewich DM, et al. PMM2-CDG. In: Adam MP, Ardinger HH,
Pagon RA, Wallace SE, Bean LJH, Gripp KW, editors. GeneReviews®. Seattle (WA:
University of Washington, Seattle (1993).

15. Vaes L, Rymen D, Cassiman D, Ligezka A, Vanhoutvin N, Quelhas D, et al.
Genotype-phenotype correlations in PMM2-CDG. Genes (Basel) (2021) 12
(11):1658. doi: 10.3390/genes12111658

16. Wolthuis DF, van Asbeck EV, Kozicz T, Morava E. Abnormal fat distribution in
PMM2-CDG.Mol Genet Metab (2013) 110(3):411–3. doi: 10.1016/j.ymgme.2013.08.017

17. Conti LR, Radeke CM, Vandenberg CA. Membrane targeting of ATP-
sensitive potassium channel. effects of glycosylation on surface expression. J Biol
Chem (2002) 277(28):25416–22. doi: 10.1074/jbc.M203109200
18. Dekker J, Mirny L. The 3D genome as moderator of chromosomal
communication. Cell (2016) 164(6):1110–21. doi: 10.1016/j.cell.2016.02.007

19. Dixon JR, Selvaraj S, Yue F, Kim A, Li Y, Shen Y, et al. Topological domains
in mammalian genomes identified by analysis of chromatin interactions. Nature
(2012) 485(7398):376–80. doi: 10.1038/nature11082

20. Bailey SD, Zhang X, Desai K, Aid M, Corradin O, Cowper-Sal Lari R, et al.
ZNF143 provides sequence specificity to secure chromatin interactions at gene
promoters. Nat Commun (2015) 2:6186. doi: 10.1038/ncomms7186

21. Grossman CE, Qian Y, Banki K, Perl A. ZNF143 mediates basal and tissue-
specific expression of human transaldolase. J Biol Chem (2004) 279(13):12190–205.
doi: 10.1074/jbc.M307039200

22. Wen Z, Huang ZT, Zhang R, Peng C. ZNF143 is a regulator of chromatin
loop. Cell Biol Toxicol (2018) 34(6):471–8. doi: 10.1007/s10565-018-9443-z

23. Carney EF. Polycystic kidney disease: PMM2 mutation causes PKD and
hyperinsulinism. Nat Rev Nephrol. (2017) 13(6):321. doi: 10.1038/nrneph.2017.58

24. Grünewald S, Schollen E, Van Schaftingen E, Jaeken J, Matthijs G. High
residual activity of PMM2 in patients' fibroblasts: possible pitfall in the diagnosis of
CDG-ia (phosphomannomutase deficiency). Am J Hum Genet (2001) 68(2):347–
54. doi: 10.1086/318199

25. Ferrara C, Patel P, Becker S, Stanley CA, Kelly A. Biomarkers of insulin for
the diagnosis of hyperinsulinemic hypoglycemia in infants and children. J Pediatr
(2016) 168:212–9. doi: 10.1016/j.jpeds.2015.09.045

26. Win M, Beckett R, Thomson L, Thankamony A, Beardsall K. Continuous
glucose monitoring in the management of neonates with persistent hypoglycemia
and congenital hyperinsulinism. J Clin Endocrinol Metab (2022) 107(1):e246–e53.
doi: 10.1210/clinem/dgab601

27. Kane C, Lindley KJ, Johnson PR, James RF, Milla PJ, Aynsley-Green A, et al.
Therapy for persistent hyperinsulinemic hypoglycemia of infancy. understanding
the responsiveness of beta cells to diazoxide and somatostatin. J Clin Invest. (1997)
100(7):1888–93. doi: 10.1172/JCI119718

28. Shyng S, Nichols CG. Octameric stoichiometry of the KATP channel
complex. J Gen Physiol (1997) 110(6):655–64. doi: 10.1085/jgp.110.6.655

29. Banerjee I, Raskin J, Arnoux JB, De Leon DD, Weinzimer SA, Hammer M,
et al. Congenital hyperinsulinism in infancy and childhood: Challenges, unmet
needs and the perspective of patients and families. Orphanet J Rare Dis (2022) 17
(1):61. doi: 10.1186/s13023-022-02214-y

30. Thornton P, Truong L, Reynolds C, Hamby T, Nedrelow J. Rate of serious
adverse events associated with diazoxide treatment of patients with
hyperinsulinism. Horm Res Paediatr (2019) 91(1):25–32. doi: 10.1159/000497458

31. Herrera A, Vajravelu ME, Givler S, Mitteer L, Avitabile CM, Lord K, et al.
Prevalence of adverse events in children with congenital hyperinsulinism treated
with diazoxide. J Clin Endocrinol Metab (2018) 103(12):4365–72. doi: 10.1210/
jc.2018-01613

32. Brar PC, Heksch R, Cossen K, De Leon DD, Kamboj MK, Marks SD, et al.
Management and appropriate use of diazoxide in infants and children with
hyperinsulinism. J Clin Endocrinol Metab (2020) 105(12):dgaa543. doi: 10.1210/
clinem/dgaa543

33. Banerjee I, Salomon-Estebanez M, Shah P, Nicholson J, Cosgrove KE,
Dunne MJ. Therapies and outcomes of congenital hyperinsulinism-induced
hypoglycaemia. Diabetes Med (2019) 36(1):9–21. doi: 10.1111/dme.13823

34. Gϋemes M, Rahman SA, Kapoor RR, Flanagan S, Houghton JAL, Misra S,
et al. Hyperinsulinemic hypoglycemia in children and adolescents: Recent advances
in understanding of pathophysiology and management. Rev Endocr Metab Disord
(2020) 21(4):577–97. doi: 10.1007/s11154-020-09548-7

35. Galcheva S, Al-Khawaga S, Hussain K. Diagnosis and management of
hyperinsulinaemic hypoglycaemia. Best Pract Res Clin Endocrinol Metab (2018)
32(4):551–73. doi: 10.1016/j.beem.2018.05.014
frontiersin.org

https://doi.org/doi: 10.1515/jpem-2021-0369
https://doi.org/10.4274/jcrpe.2017.S007
https://doi.org/10.1530/EJE-12-0673
https://doi.org/10.1136/fn.89.1.f83
https://doi.org/10.1681/ASN.2016121312
https://doi.org/10.1159/000511389
https://doi.org/10.1515/jpem-2020-0168
https://doi.org/10.17925/EE.2020.16.1.66
https://doi.org/10.1002/mgg3.1674
https://doi.org/10.1007/s00467-021-04953-9
https://doi.org/10.1038/ng0597-88
https://doi.org/10.4274/jcrpe.galenos.2021.2021-10-14
https://doi.org/10.1002/1098-1004(200011)16:5%3C386::AID-HUMU2%3E3.0.CO;2-Y
https://doi.org/10.1002/1098-1004(200011)16:5%3C386::AID-HUMU2%3E3.0.CO;2-Y
https://doi.org/10.3390/genes12111658
https://doi.org/10.1016/j.ymgme.2013.08.017
https://doi.org/10.1074/jbc.M203109200
https://doi.org/10.1016/j.cell.2016.02.007
https://doi.org/10.1038/nature11082
https://doi.org/10.1038/ncomms7186
https://doi.org/10.1074/jbc.M307039200
https://doi.org/10.1007/s10565-018-9443-z
https://doi.org/10.1038/nrneph.2017.58
https://doi.org/10.1086/318199
https://doi.org/10.1016/j.jpeds.2015.09.045
https://doi.org/10.1210/clinem/dgab601
https://doi.org/10.1172/JCI119718
https://doi.org/10.1085/jgp.110.6.655
https://doi.org/10.1186/s13023-022-02214-y
https://doi.org/10.1159/000497458
https://doi.org/10.1210/jc.2018-01613
https://doi.org/10.1210/jc.2018-01613
https://doi.org/10.1210/clinem/dgaa543
https://doi.org/10.1210/clinem/dgaa543
https://doi.org/10.1111/dme.13823
https://doi.org/10.1007/s11154-020-09548-7
https://doi.org/10.1016/j.beem.2018.05.014
https://doi.org/10.3389/fendo.2022.1102307
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Phosphomannomutase 2 hyperinsulinemia: Recent advances of genetic pathogenesis, diagnosis, and management
	Search strategy and selection criteria
	Introduction
	PMM2-HI
	PMM2 gene and PMM2 protein
	Mutation profiles of PMM2-HI-related genes
	Genetic pathogenesis of PMM2-HI
	Clinical characteristics of PMM2-HI
	Diagnosis of PMM2-HI
	Treatment of PMM2-HI
	Prognosis of PMM2-HI
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


