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ABSTRACT

Pediatric primary or monogenic dyslipidemias are a heterogeneous group of disorders, characterized by severe elevation of cholesterol, triglycerides or rarely a combination of the two. Monogenic hypercholesterolemias have elevated low-density lipoprotein-cholesterol (LDL-C) levels and very high risk of premature atherosclerotic disease. They are caused by mutations in genes involved in the receptor-mediated uptake of LDL by the LDL receptor (LDLR) in hepatocytes. Autosomal dominant familial hypercholesterolemia results from mutations in LDLR, apolipoprotein B-100 (APOB), or proprotein convertase subtilisin-like kexin type 9 (PCSK9). Autosomal recessive hypercholesterolemia is caused by mutations in the LDLR adaptor protein 1 (LDLRAP1) gene.  Type 1 hyperlipoproteinemia have severe fasting hypertriglyceridemia secondary to accumulation of triglyceride (TG)-rich lipoproteins, especially chylomicrons. It results from mutations in one or more genes that compromise chylomicron lipolysis and clearance. It has autosomal recessive inheritance caused by mutations in lipoprotein lipase (LPL), Apolipoprotein C-II(APOCII), Lipase maturation factor 1(LMF-1), Apolipoprotein A-V(APOAV), Glycosylphosphatidylinositolanchored high-density lipoprotein-binding protein 1(GPIHBP1). Familial combined hypercholesterolemia is a complex genetic disease and primarily a disorder of adults. There is strong evidence demonstrating a log-linear relationship between total cholesterol levels and coronary heart disease risk. Severe hypertriglyceridemia is an increased risk of acute pancreatitis. Universal lipid screening with measurement of non-fasting non-HDL cholesterol should be performed in all children ages 9 –11 years and 17–21 years. Advanced genetic testing and counseling play very important role in patients with genetic dyslipidemia. For complete coverage of all related aeas of Endocrinology, please visit our on-line FREE web-text,  WWW.ENDOTEXT.ORG.


INTRODUCTION

Dyslipidemias are heterogeneous group of disorders characterized by abnormal levels of circulating lipids and lipoproteins.  These abnormalities include elevations in cholesterol (hypercholesterolemia, Fredrickson Class IIa), triglycerides (hypertriglyceridemia, Frederickson Classes I, IV and V), or a combination of the two (Fredrickson Classes III or IIb).  The etiology of these dyslipidemias can further be classified as primary (monogenic) or secondary. Primary or monogenic dyslipidemias are due to single gene defects, while secondary dyslipidemias are multifactorial – combining underlying genetic predispositions with disease states such as diabetes, thyroid disease, or drug-related changes in lipid metabolism. 

MONOGENIC HYPERCHOLESTERLEMIA

Monogenic hypercholesterolemias are a group of single gene defects with Mendelian transmission  characterized by elevated low-density lipoprotein-cholesterol (LDL-C) levels and very high risk of premature atherosclerotic disease (1) (Table 1). 

Table.1 Monogenic causes of hypercholesterolemia(1).
	Inheritance
	Disease
	Gene
	Prevalence
	Mechanism

	Autosomal Dominant
	
	
	
	

	
	Familial Hypercholesterolemia (FH) 
	LDLR(2,3)
	1 in 500 (heterozygous)
1 in 1X 106 (homozygous)
	↓LDL Clearance

	
	Familial defective apo B-100
	APOB(4)
	1:1000 (heterozygous)
1 in 4 X 106 (homozugous)
	↓LDL Clearance

	
	FH3
	PCSK9(5)
	<1 in 10,000
	↑Degradation of LDLR

	
	FH4
	ApoE(6)
	?
	↓LDL Clearance

	Autosomal Recessive
	
	
	
	

	
	Autosomal recessive hypercholesterolemia
	LDLRAP1(7)
	<1 in 5 X 106
	↓LDL Clearance

	
	Sitosterolemia
	ABCG5/ABCG8(8)
	< 1 in 5x 106
	↓cholesterol excretion
↓LDL Clearance

	
	Cerebrotendinous xanthomatosis (CTX)
	CYP27A1
	3-5 in 105 
	↓ conversion of cholesterol to chenodeoxycholic acid (CDCA) and cholic acid



Autosomal dominant hypercholesterolemia 

[bookmark: _GoBack]Autosomal dominant hypercholesterolemia (ADH) is characterized by severe life-long elevations in low-density lipoprotein-cholesterol (LDL-C) with a concomitant 10-20 fold-increased risk of premature coronary heart disease (CHD) compared with the general population (9). Autosomal dominant hypercholesterolemia is primarily caused by mutations in genes involved in the receptor-mediated uptake of LDL by the LDL receptor (LDLR) in hepatocytes.  

Thus far, three genes have been found to cause the disorder: LDLR (Online Mendelian Inheritance in Man [OMIM] # 143890, referred to as having familial hypercholesterolemia [FH]), apolipoprotein B-100 (APOB, OMIM # 107730, referred to as familial defective APOB), and proprotein convertase subtilisin-like kexin type 9 (PCSK9, OMIM # 603776, referred to as FH3) (1). In ADH cohorts, mutation detection rates vary - as high as 90% in ethnically homogenous populations (10-14) and as low as 40% in a multiethnic US cohort (15).

Familial Hypercholesterolemia:  
Brown and Goldstein (2) first demonstrated that autosomal dominant hypercholesterolemia is due to dysfunctional LDLR. Pathogenic changes in LDLR result in impaired uptake and processing of LDL particles which leads to decreased LDL clearance and elevated serum cholesterol levels. Over 1000 mutations in LDLR have been described thus far (3,16). Among autosomal dominant hypercholesterolemia patients with detectable mutations, LDLR mutations represent ~90% of cases, and recent large-scale exome sequencing studies have identified LDLR mutations as the most common genetic defect among all individuals with premature CHD (17). 

FH can occur as either homozygous (or compound heterozygous) or heterozygous, with a gene dosage effect. Homozygous FH is rare with a frequency of 1 in 1,000,000, whereas heterozygous FH affects 1 in 500. Higher frequencies have been reported in homogenous ethnicities such as the Danish, French Canadians, South African Afrikaners and Christian Lebanese (18,19). As expected homozygotes are more severely affected than heterozygotes, with LDL-C that are typically > 500 mg/dL (20) (Figure 1). Heterozygotes have LDL-C between 190 and 500.  
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Figure 1. Phenotypic variability in familial hypercholesterolemia. LDL, low-density lipoprotein; APOB, apolipoprotein B; PCSK9, pro-protein convertase subtilisin/kexin type 9; LDLRAP1, LDL receptor adaptor protein 1 (i.e. ARH, autosomal recessive hypercholesterolaemia). (Adapted from Cuchel, M., et al., Homozygous familial hypercholesterolaemia: new insights and guidance for clinicians to improve detection and clinical management. A position paper from the Consensus Panel on Familial Hypercholesterolaemia of the European Atherosclerosis Society. Eur Heart J, 2014. 35(32): p. 2146-57)

Familial defective APO B-100:  
POB-100 is the major apolipoprotein on LDL particles. FDB was first described phenotypically by Innerarity et al. in 1987 after investigation by Vega and Grundy suggested that reduced binding of LDL to LDLR played a causative role in hypercholesterolemia. Mutations can occur in the  APOB domain involved in the binding of APOB to the LDLR, reducing clearance of LDL from plasma and causing hypercholesterolemia (4).  Specifically, two mutations, R3500Q and R3500W, remain the most frequently identified mutations that cause FDB. Most individuals who carry these mutations are from central European origin.

PCSK9: 
PCSK9 is a serine protease that degrades hepatic LDLRs in the endosomes. Mutations upregulating activation of the PCSK9 gene were discovered in three French families with autosomal dominant hypercholesterolemia but no mutations in LDLR or APOB (21). PCSK9 gain-of-function mutations cause more severe hypercholesterolemia than LDLR and APOB mutations (22). 

Autosomal recessive hypercholesterolemia (ARH) 

ARH is caused by bi-allelic mutations in the LDLR adaptor protein 1 (LDLRAP1) gene. LDLR adaptor protein (LDLRAP1 or ARH) promotes the clustering of LDLRs into the clathrin-coated pits on the basolateral surface of hepatocytes by coupling the cytoplasmic tail of LDLR to structural components of the clathrin-coated pit and thus is essential for LDLR-mediated endocytosis. Inactivating mutations in LDLRAP1 lead to retention of LDLRs on the apical surface, thus severely reducing LDL uptake (7).

Clinical features

FH should be suspected in any child with elevated LDL-C along with family history of elevated LDL, tendon xanthomas, premature CHD or sudden premature cardiac death. Cholesterol esters deposit in peripheral tissues like Achilles and extensor tendons giving rise to tendon xanthomas and their accumulation in arterial walls lead to development of plaques and atherosclerosis.  Xanthomas are rarely seen in children and adolescents. However atherosclerosis is present from early childhood, and children with FH have endothelial dysfunction and increased carotid intima-media thickness(24).

There are three diagnostic tools available for FH (Table 2): 

1. The US MedPed Program diagnostic criteria(25): It utilizes total cholesterol levels specific to an individual’s age and family history. The levels were derived from mathematical modeling using published cholesterol levels for FH individuals in the United States and Japan (Table 2a).
2. The Simon Broome Register Group criteria (26): It utilizes cholesterol levels, clinical characteristics, molecular diagnosis, and family history (Table 2b).
3. The Dutch Lipid Clinic Network criteria(27): It utilizes family history of hyperlipidemia or heart disease, clinical characteristics such as tendinous xanthomata, elevated LDL cholesterol, and/or an identified mutation (Table 2c).

	Table 2. Diagnostic tools for FH.
a. a. US MedPed Program diagnostic criteria.
[image: ]
Diagnosis of FH if total cholesterol level exceeds the cutpoint in table above. 


b.  The Simon Broome Register Criteria    [image: ]


c.   The Dutch Lipid Clinic Network criteria[image: ]





TYPE 1 HYPERLIPIDEMIA

Type 1 hyperlipoproteinemia (T1HLP, OMIM# 238600) or familial chylomicronemia syndrome is characterized by severe fasting hypertriglyceridemia secondary to accumulation of triglyceride (TG)-rich lipoproteins, especially chylomicrons.  It results from mutations in one or more genes that compromise chylomicron lipolysis and clearance. These disorders typically show autosomal recessive inheritance with published estimates of prevalence of ~1:1,000,000.

Genetics

Table 3. Genetic basis of type 1 hyperlipoproteinemia
	Gene
	Homozygote prevalence
	Gene product function
	Age of onset

	LPL
	1 in 1 million
(95% cases)
	Hydrolysis of TG, peripheral uptake of FFA
	Infancy or childhood

	APOC2
	20 families
	Required cofactor of LPL
	Childhood or adolescence

	LMF1
	2 families
	Chaperone molecule required for proper LPL folding and/or expression
	Late adulthood

	APOA5
	5 families
	Enhancer of LPL activity
	Late adulthood

	GPIHBP1
	15 families
	Anchors LPL on capillary endothelium. Stabilizes binding of chylomicrons near LPL, supports lipolysis
	Infancy or childhood 



Lipoprotein Lipase (LPL) deficiency: 
T1HLP most commonly results from lipolytic defects due to deficiency of LPL. LPL is produced primarily by adipocytes and myocytes and binds to heparan sulfate, located at the heparin-binding site on the surface of capillary endothelial cells, allowing LPL to extend into the plasma and participate in the hydrolysis of TG carried in chylomicrons and very-low-density lipoproteins. Bi-allelic LPL mutations account for about 95% cases of T1HLP. More than 114 mutations in LPL have been described, and almost all of these have been shown to reduce or eliminate LPL activity in the homozygous state, preventing hydrolysis, and resulting in accumulation of triglyceride-rich lipoproteins, primarily chylomicrons(28,29). 

Apolipoprotein C-II (APOC2) mutations:
 APOC2 encodes for apolipoprotein (apo) C-II which is found on high-density lipoproteins (HDL), chylomicrons, and very-low-density lipoproteins, and acts as a key cofactor and an activator for LPL (30,31). Twenty families with disease causing mutations in APOC2 have been reported in the literature. 

Lipase maturation factor 1 (LMF1) mutations: 
LMF1 serves as a chaperone in the endoplasmic reticulum and is required for the posttranslational activation of LPL, thus playing a regulatory role in lipase activation and lipid metabolism(32). Two families with disease causing mutations in LMF1 have been reported in literature

Apolipoprotein A-V (APOAV) mutation: 
Apo A-V is believed to stabilize the lipoprotein–enzyme complex and to enhance lipolysis; thus, when Apo A‑V is defective or absent, the efficiency of LPL-mediated lipolysis is decreased (33,34). Five patients with disease causing mutations in APOAV have been reported in literature.

Glycosylphosphatidylinositolanchored high-density lipoprotein-binding protein 1 (GPIHBP1) mutation: GPIHBP1 is a glycosylphosphatidylinositol-anchored protein on capillary endothelial cells, transports LPL into capillaries(35).  GPIHBP1 directs the transendothelial transport of LPL, helps anchor chylomicrons to the endothelial surface, and enhances lipolysis (36). Mutations in mutations in GPIHBP1 have been reported in 15 families. 

Recent studies have shown that most patients with HTG have a complex genetic etiology consisting of multiple genetic variants ranging in both frequency and effect. Patients with TG concentration of 200-1000 mgl/dL typically have polygenic or multigenic HTG. Polygenic TG results from complex interplay of rare heterozygous variants with relatively large effects in APOA5, GCKR, LPL, APOB, APOE, CREBH, GPIHBP1 and rare variants in more than 30 genes together with secondary factors. (29). 

Clinical features

T1HLP usually presents by adolescence although cases are often unrecognized until adulthood(28). Often, patients don’t get diagnosed until after developing pancreatitis (28,37), at which time triglycerides are noted to severely elevated (at least > 1000 mg/dL). Some rare cases may present with failure to thrive, intestinal bleeding, anemia or encephalopathy (38-40). Unique clinical features like neonatal transient obstructive jaundice due to xanthomas in pancreatic head region and asymptomatic renal xanthomas have been recently described(41,42).

Several physical exam findings characterize T1HLP. On funduscopic exam, a pale pink appearance of vessels can be noted, referred to as lipemia retinalis. Lipemia retinalis occurs due to light scattering of large chylomicron particles. Eruptive xanthomas - crops of discrete yellow papules on an erythematous base – can manifest on the back, buttocks, and extensor aspects of elbows and knees. The eruptive xanthomas clear as triglycerides decrease.   Hepatosplenomegaly occurs due to triglyceride accumulation in the liver and spleen.

Severe hypertriglyceridemia is an increased risk of acute pancreatitis, a serious condition often complicated by the systemic inflammatory response syndrome, multiorgan failure, pancreatic necrosis, and mortality rates as high as 20%. Even when not having pancreatitis episodes, some T1HLP patients suffer from bouts of abdominal pain.

Diagnostic approach

T1HLP should be suspected in patients with severe hypertriglyceridemia (> 1000 mg/dL) without any secondary cause (e.g. uncontrolled diabetes, alcohol use).  Gene sequencing to look for homozygous or compound heterozygous mutations in known genes such as LPL, APOC2, APOA5, LMF1 and GPIHBP1 should be performed. Although not always clinically available, several research labs can do sequencing or these genes can be included as part of targeted next-generation sequencing diagnostic panel for monogenic dyslipidemias. A molecular diagnosis aids in the early identification of at-risk family members. It might also help to establish candidacy for emerging therapies that target primary LPL deficiency, especially for patients who present at a young age. Alipogene tiparvovec (Glybera®; AMT-011, AAV1-LPL(S447X)) is an adeno-associated virus serotype 1-based gene therapy, approved for adult patients with familial LPL deficiency (LPLD) and suffering from severe or multiple pancreatitis attacks despite dietary fat restrictions in Europe(43). 

FAMILIAL COMBINED HYPERLIPIDEMIA (FCHL)

FCHL is characterized by plasma triglyceride levels more than 150 mg/dL and apolipoprotein B more than 1.2 g/L in at least two family members (44,45). Its prevalence is estimated to be about 1 in 100 and thus is of importance for cardiovascular metabolic health of population (46). No single gene has yet been identified as a causative factor. It is a complex genetic disease and the features are determined by interaction of multiple FCHL susceptibility genes with environmental factors. The genes most frequently reported to be associated with FCHL are functionally related to plasma lipid metabolism and clearance, such as LPL, LIPC, APOA1/C3/A4/A5 and APOE. Overproduction of VLDL particles and hepatic fat accumulation are both central aspects of FCHL. Increased free fatty acid flux (from dysfunctional adipose tissue) towards the liver, increased hepatic de novo lipogenesis and impaired β oxidation results in hepatic fat accumulation (47). FCHL is typically a diagnosis of adults. Its diagnosis is very complex in children due to lack of long-term data linking lipid values measured in children to the expression of the disease in the adult state or in the old people. Hyperapo B in children may be a precursor of other lipid abnormalities, and thus it suggested as a good marker of early diagnosis of FCH(48). 

SCREENING

There is strong evidence demonstrating a log-linear relationship between total cholesterol levels and coronary heart disease (CHD) risk. Thus the National Heart, Lung, and Blood Institute (NHLBI) along with the American Academy, issued integrated recommendations for cardiovascular (CV) risk reduction, including guidelines for management of hypertension, obesity, and hyperlipidemia(49). Universal lipid screening should be performed with measurement of non-fasting non-HDL cholesterol in all children ages 9 –11 years and 17–21 years. Those with abnormal levels should have two additional fasting lipid profiles measured 2 weeks to 3 months apart and averaged. Abnormal levels are then stratified by LDL Cholesterol, TG levels, and risk factors. One of the important goals of the universal screening is identifying patients with FH. It has been shown that prognosis for patients with heterozygous FH improves with timely introduction of treatment(50).

Cost-effectiveness 

Multiple studies have reported cost-effectiveness of screening. Goldman et al(51) showed the use of low-to-moderate doses of high-cost medications like hydroxymethylglutaryl coenzyme A (HMG CoA) reductase inhibitor for primary prevention in patients with heterozygous FH.  A detailed study from United Kingdom compared the identification and treatment of FH patients by universal screening, opportunistic screening in primary care, screening of premature myocardial infarction admissions, and tracing family members of affected patients. They concluded that screening family members of people with familial hypercholesterolemia is the most cost effective option for detecting cases across the whole population(52). Another study showed that the cost-effectiveness of a family based screening program for FH in the Netherlands is between 25·5- and 32-thousand Euros per year of life gained(53). 

GENETIC COUNSELING

FH, has autosomal dominant inheritance with a gene dosage effect and the impact of diagnosis is likely to extend beyond the affected patient to multiple relatives across multiple generations. Identifying at-risk individuals is very important to prevent morbidity and mortality due to premature CVD. Given the complicated nature of genetic testing, there is significant role of genetic counseling for professionals treating hypercholesterolemic patients. Genetic counseling should begin when the proband is suspected to have diagnosis of FH. The discussion should include an explanation of inheritance patterns, information about genetic testing, including potential benefits, risks, and potential for incidental or uncertain findings. Once results are obtained, genetic counseling helps the patient in their interpretation. Genetic counselors should discuss the genetic tests results and interpretations and need to test family members in families with positive results. They also need to discuss that about 20–40% of FH patients do not have any unidentifiable mutations in Sanger sequencing (first line testing), and might benefit from new testing modalities like whole exome sequencing. T1HLP has autosomal recessive inheritance and genetic testing of the families help identify at risk individuals. Early identification of subjects at risk for developing HTG could prompt early lifestyle modification or evidence- based pharmacological intervention to reduce risk of clinical end points.  
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Total cholesterol (mmol/L)

Age (years) First degree relative Second degree relative ‘Third degree relative General population
<20 57 5.9 62 70
2029 62 65 6.7 75
30-39 70 72 75 88

>40 75 7.8 8.0 93
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Table 3. Stmon Broome Regfster criterfa.

Criteria
x Plasma cholesterol measurement of either:
Total cholesterol >7.5 mmol/L (adult) or >6.7 mmol/L (child <16 years)
LDL-cholesterol >4.9 mmol/L (adult) or >4.0 mmol/L (child <16 years)
B Presence of tendon xanthomata tn pattent or fn first or second degree relative
c DNA-based evidence of a mutation tn the LDLR or other FH related gene
D Family history of myocardial infarction n a second degree relative <50 years of age or in a
first degree relative <60 years of age
E Family history of plasma total cholesterol of >7.5 mmol/L in a first or second degree relative
Diagnosis Criteria required
Defintte FH A+BORC

Probable FH A+DORA+E
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Criteria Points

T Family history
First degree relative with known premature coronary and vascular disease

First degree relative with known plasma LDL-cholesterol concentration greater than 95 percentile for age and sexin an 1
adult relative

First degree relative with known plasma LDL-cholesterol concentration greater than 95 percentile for age and sexin a 2
relative <18 years of age

First degree relative with known tendon xanthomata or corneal arcus 2

2 Clinical history
Presence of coronary artery disease

Presence of cerebral o peripheral vascular disease 1
3 Physical examination
Presence of tendon xanthomata 5
Presence of comeal arcus in a patient <45 years of age 4
4 LDL-cholesterol level (mmol/L)
285 8
6.5-8.4 5
5064 3
4049 1
5 DNAanalysis
Functional mutation in the LDLR gene or other FH related gene 8
Diagnosis Total points,
Definite FH >8
Probable FH 68

Possible FH 35
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Mutation Diagno:
Homozygous apo B defect/PCSK9 gain of function ——
Homozygous LDL receptor negative
Compound Heterozygous LDL receptor:Apo B/PCSK9 ———
Homozygous LDL receptor defective or LDLRAP1

Clinical Diagnosis:
Common Hypercholesterolemia
Heterozygous FH
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