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Abstract

Monogenic disorders that cause abnormal levels of plasma cholesterol and triglycerides have received much attention due to their role
in metabolic dysfunction and cardiovascular disease. While these disorders often present clinically during adulthood, some present most
commonly in the pediatric population and can have serious consequences if misdiagnosed or untreated. This review provides an overview
of monogenic lipid disorders that present with unusually high or low levels of plasma cholesterol and/or triglycerides during infancy,
childhood and adolescence. Biochemical and genetic findings, clinical presentation and treatment options are discussed with an emphasis
upon recent advances in our understanding and management of these monogenic disorders.
� 2007 Elsevier Inc. All rights reserved.
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Introduction

Monogenic lipid disorders are lifelong conditions that
often present during childhood and adolescence with clini-
cally and biochemically extreme phenotypes. As with many
other chronic conditions that present early in life, mono-
genic lipid disorders can require early and dramatic inter-
vention as well as careful surveillance to maximize long-
term symptom-free survival. Yet while some monogenic
dyslipidemias present commonly in adulthood, those that
present almost exclusively in the early years pose distinct
challenges due to their more severe symptomatology and
need for aggressive therapy. Furthermore, although dyslip-
idemias in adult populations are often multifactorial in eti-
ology, those in the pediatric population are much more
likely to have a monogenic cause and may be due to a vari-
ety of gain-of-function or loss-of-function mutations in a
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range of candidate genes with important roles in normal
lipid metabolism.

Detection and appropriate management of pediatric
dyslipidemias can have a significant impact upon the dis-
ease course and can prevent complications. While coronary
artery disease is a major cause of mortality and morbidity
in adult-onset dyslipidemias of monogenic or multifactorial
etiology, monogenic pediatric disorders such as homozy-
gous familial hypercholesterolemia are also associated with
cardiovascular disease and acute coronary events some-
times occurring as early as 3 years of age [1]. Lipid lowering
treatments prevent such events when initiated early in life
by reducing long-term complications and improving
quality of life. The exact timing for initiation of these treat-
ments is an evolving field of research. Genetic hypertriglyc-
eridemia can result in recurrent pancreatitis which can be
fatal if not properly diagnosed and treated.

This review will summarize the current understanding of
genetic determinants, clinical manifestations and treatment
modalities associated with monogenic lipid disorders pre-
senting during childhood and adolescence. Although not
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a focus of the review, some aspects of lipid metabolism will
be addressed; for an enhanced understanding of normal
lipid metabolism, the authors suggest several current
reviews found elsewhere [2–6]. Key points for each disorder
have been summarized in Tables 1–3. The review will cover
disorders of cholesterol (hyper- and hypocholesterolemia),
triglycerides (hypertriglyceridemia), and other miscella-
neous disorders.

Disorders resulting in elevated plasma LDL-cholesterol

(Table 1)

Homozygous familial hypercholesterolemia (HoFH)

Familial hypercholesterolemia (MIM 143890) is a heri-
table disorder of cholesterol metabolism characterized by
deficiency or defective function of low density lipoprotein
(LDL) receptors [7]. These receptors are present on most
cell surfaces and remove LDL particles from plasma.
LDL particles are the cholesterol-rich remnants of very
low density lipoprotein (VLDL) metabolism that deliver
endogenously produced and exogenously acquired choles-
terol to the periphery and to the liver [8]. Known as
‘‘bad’’ cholesterol [9], high levels of plasma LDL have a
well-documented atherogenic potential [10]. Children with
HoFH inherit two defective copies of the LDLR gene
(MIM 606945) and thus lack functional low density lipo-
protein receptors (LDLRs), resulting in plasma LDL con-
centrations elevated on average sixfold above the normal
range [11]. Parents of HoFH children have heterozygous
familial hypercholesterolemia (HeFH) with one defective
and one wild-type LDLR allele each.

As of 2006, >800 mutations in the LDLR gene have
been documented worldwide in familial hypercholesterol-
emia patients, and these mutations have been found in all
functional domains of the LDLR protein [12]. The LDLR
ligand, apolipoprotein B (apo B), is the protein component
in LDL particles that facilitates LDL binding and internal-
ization into hepatic and peripheral cells [13]. In addition to
single nucleotide mutations, copy number variations
[14,15] and splicing mutations [16,17] have also been
reported throughout the LDLR gene in familial hypercho-
lesterolemia patients. While the products of some mutant
LDLR alleles are more functional than others, simple
homozygotes and compound heterozygotes with different
mutations tend to show similar early-onset clinical pheno-
types [7]. HoFH has a prevalence of 1 in 1,000,000, while
HeFH has a frequency of 1 in 500 [18].

The classical clinical manifestations of HoFH include
early appearance of corneal arcus, cutaneous planar xan-
thomata over hands and extremities, tuberous xanthomata
over elbows and tendinous xanthomata in the hand exten-
sor and Achilles tendons, although xanthelasmata are more
common in HeFH patients [7,19]. These signs occur as a
result of LDL-cholesterol deposition and foam cell forma-
tion in skin, tendons and corneae. In HoFH, these signs
may become manifest in the first or second decade of life,
while in HeFH these signs appear in the third to fifth dec-
ades of life. The life-threatening effects of both HeFH and
HoFH are related to foam cell accumulation within the
vasculature that can progress to occlusive atherosclerosis.
HoFH children are predisposed to early atherosclerosis,
including arterial plaque formation and coronary ostial ste-
nosis leading to cardiac ischemia [19]. Aortic valvular
thickening and aortic root thickening can lead to aortic
regurgitation [20] or stenosis [19] requiring valve replace-
ment. Death from myocardial infarction occurs in
untreated subjects before age 30 [7,21] although disease
progression in individual patients is quite variable [1,22,23].

Numerous diagnostic criteria have been proposed for
HeFH, but none have been proposed specifically for
HoFH. Correct diagnosis of HoFH is based on a combina-
tion of physical and biochemical findings, family history
and molecular genetic analysis [24,25]. Clinicians should
suspect HoFH in children presenting with the physical
signs listed above and with a positive family history of
HeFH in one or both parents. Conversely, isolated pediat-
ric HoFH may be an indicator of undiagnosed parental
HeFH since heterozygote symptoms usually appear after
childbearing age [26] so that serum lipid profiling for both
parents and their children is indicated. Alternatively, chil-
dren with the extremely rare disorder autosomal recessive
hypercholesterolemia (ARH; see below) due to mutant
ARH can appear to be phenotypically indistinguishable
both clinically and biochemically from HoFH patients,
with the exception that plasma lipid profiles in parents of
a child with ARH are normal [27]. Evidence from a Cana-
dian study indicates that HoFH children have plasma total
cholesterol levels >10 mmol/L at a minimum (and usually
>18 mmol/L), suggesting that HoFH should be suspected
in children whose plasma cholesterol levels exceed this
threshold [18]. Although the Simon Broome criteria for
HeFH diagnosis [21] specify that patients under 16 must
have total plasma cholesterol >6.7 mmol/L or plasma
LDL-cholesterol >4.0 mmol/L for a positive HeFH diag-
nosis, specific diagnostic guidelines for HoFH have not
been validated. Definitive diagnosis can be obtained
through LDLR functional assays in cultured fibroblasts
showing virtual absence of receptor function [7] or LDLR

gene sequencing showing mutations on both alleles.
All patients with HoFH receive dietary counselling to

reduce intake of exogenous cholesterol and saturated fats
[28]. The current treatment of choice for HoFH is serial
plasma exchange or plasma LDL apheresis, which has so
far proven highly effective in prolonging endpoint free sur-
vival [29,30]. LDL apheresis has the advantages of reduced
exposure to blood products, no significant changes in high
density lipoprotein (HDL) cholesterol, and less dramatic
volume shifts compared to straight plasma exchange [31].
Concurrent high-dose statin therapy may enhance LDL
clearance by upregulating expression of partially functional
LDLR, but patients whose mutations leave them with non-
functional LDLR show little plasma LDL-cholesterol
response [32]. Ezetimibe, a cholesterol absorption inhibitor



Table 1
Monogenic dyslipidemias causing increased LDL-cholesterol in the pediatric and adolescent population

Monogenic disorder Affected
gene

Gene product Inheritance Key biochemical features Key clinical features Typical age of
presentation

Long-term cardiovascular and other
risks

Homozygous familial
hypercholesterolemia
(HoFH)

LDLR Low density
lipoprotein
receptor

Autosomal
dominant

Very high plasma total
cholesterol (>10 mmol/L)
High plasma
LDL-cholesterol (>8 mmol/L)
Normal plasma triglycerides

Corneal arcus
Tendon xanthomata
of Achilles and
hand extensors
Tuberous and skin
xanthomata over
elbows and extremities

Childhood,
adolescence

Premature atherosclerosis and
cardiovascular disease

Heterozygous familial
hypercholesterolemia
(HeFH)

LDLR Low density
lipoprotein
receptor

Autosomal
dominant

Elevated plasma
LDL-cholesterol
(>4.9 mmol/L)
Normal plasma
triglycerides

Corneal arcus
xanthelasmata
Tendon xanthomata

Young
adulthood

Premature atherosclerosis and
cardiovascular disease during early
to middle adulthood

Familial defective
apolipoprotein B
(FDB)

APOB Apolipoprotein
B-100

Autosomal
dominant

Same as HeFH Same as HeFH Same as HeFH Same as HeFH

PCSK9 gain-of-function PCSK9 Proprotein
convertase
subtisilin/
kexin 9

Autosomal
dominant

Same as HeFH Same as HeFH Same as HeFH Same as HeFH

Autosomal recessive
hypercholesterolemia
(ARH)

ARH ARH adaptor
protein

Autosomal
recessive

Extremely high plasma total
cholesterol (often >20 mmol/L)

Similar to HoFH above Variable Premature atherosclerosis and
cardiovascular disease

Wolman disease LIPA Lysosomal acid
lipase

Autosomal
recessive

Normal lipid biochemistry Anemia
Failure to thrive
Hepatosplenomegaly
Jaundice
Steatorrhea

Infancy Death during first year

Phytosterolemia ABCG5
ABCG8

ATP-binding
cassette G5, G8

Autosomal
recessivea

Very high plasma sitosterol
and campesterol (both
>>0.1 mmol/L; normal
<<0.1 mmol/L)
Low to high plasma
total cholesterol
(<10 mmol/L)

Recurrent joint arthritis
(knees and ankles)
Splenomegaly
Tendon xanthomata
Tuberous xanthomata
Premature
atherosclerosis

Childhood Premature coronary artery disease
with highly variable progression
and severity

a Some heterozygotes with disease have been reported [70].
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that operates on brush border cells of the small intestine,
seems to have some efficacy in plasma LDL-cholesterol
reduction among HoFH subjects [33,34]. Liver transplan-
tation (sometimes together with heart and lung transplan-
tation) and gene therapy have been attempted, with
variable results [7,35]. A recent long-term study into liver
transplantation has shown promise for this as a viable
treatment modality [36]. Finally, the microsomal triglycer-
ide transfer protein (see below) inhibitor class of medica-
tions has shown short term benefit in LDL-cholesterol
reduction in HoFH [37]. These medications inhibit the pro-
duction of VLDL thereby eliminating VLDL metabolites,
including LDL, from the plasma.

Heterozygous familial hypercholesterolemia (HeFH) and
familial defective apolipoprotein B (FDB)—A pediatric

perspective

HeFH has been well-studied and reviewed [7,38,39]. Its
frequency in the general population is 1 in 500, although
this figure rises within certain ethnic subgroups [39]. While
HeFH presents typically during adulthood and is both clin-
ically and biochemically milder than its homozygous coun-
terpart, it is clearly a potent risk factor for early
cardiovascular disease and death if undetected and
untreated [21]. A study of over 1000 pediatric HeFH
patients found that 89% had a positive family history of
premature cardiovascular disease [40]. FDB (MIM
144010) results from mutations in the LDLR-binding
domain of apo B that reduce LDLR-binding affinity.
Homozygous FDB presents with biochemical, clinical
and CAD risk profiles similar to HeFH, while heterozy-
gous FDB is generally less severe than HeFH in all of these
respects [41]. In most instances the two disorders are clini-
cally indistinguishable, and treatments used in HeFH dis-
cussed below are also effective in FDB [13,41]. A rare
subtype of HeFH results from a gain-of-function mutation
in the PCSK9 gene, discussed in more detail below.

An open question in HeFH management has been ‘‘At
what age should management begin?’’ In contrast to
HoFH, plasma LDL-cholesterol in HeFH can usually be
adequately managed using statin therapy, often in combi-
nation with other agents, to upregulate expression of the
single functional LDL receptor [39]. Men with untreated
HeFH have 5%, 20% and 50% risk of coronary artery dis-
ease at ages 30, 40 and 50 years, respectively [42]. The pri-
mary manifestation during the pediatric age range is
marked hypercholesterolemia, due to elevated LDL-cho-
lesterol usually elevated two to three times above the
upper normal limit [7]. Corneal arcus, xanthelasmata
and tendon xanthomata begin to appear in a majority of
patients during the third decade of life [43]. However,
long-term cardiovascular disease severity may correlate
with parental disease severity, since evidence shows that
HeFH parental event-free survival is significantly reduced
when their children’s plasma LDL levels exceed
6.23 mmol/L [40]. This suggests that higher plasma LDL
levels in pediatric HeFH patients should prompt earlier
and more intensive therapy.

Current guidelines dating from 1992 for management of
HeFH indicate pharmacotherapy in addition to diet ther-
apy in children age 10 years or older when plasma LDL
exceeds 4.9 mmol/L, or when it exceeds 4.1 mmol/L in
the presence of family history of premature cardiovascular
disease or at least two other cardiac risk factors [44]. These
same guidelines recommended that pharmacologic inter-
vention be limited to the use of bile acid sequestrants,
which are not systemically absorbed.

However, mounting evidence over recent years has
shown statin drugs to be both effective and probably safe
when used in pediatric HeFH patients. Two meta-analyses
of clinical trials involving statin use by HeFH patients in
their second decade of life showed plasma LDL reductions
of 25% [45] and 32% [46] with no significant increase in
adverse reaction rates compared to placebo, although none
of the trials exceeded 3 years in duration. Early statin ther-
apy initiation in HeFH children has recently been shown to
slow the progression of carotid intima media thickening
[47]. In the short term, statins have no effect on sexual
development, while effect on growth is negligible [45–47].

A 2007 scientific statement from the American Heart
Association acknowledges this evidence by adopting a
much more permissive attitude towards the use of statins
in children with HeFH and by providing a set of prescrip-
tion and follow-up recommendations for clinicians [48].
This statement marks a significant departure from the pre-
vious 1992 guidelines in several respects: statins are now
recommended as the first-line treatment in children requir-
ing lipid management; treatment initiation may begin
below the age of 10 years in children with certain high-risk
conditions or risk factors; and obese children with dyslip-
idemias should receive additional screening for the meta-
bolic syndrome [48]. This statement also reiterates the
current lack of long-term safety data and encourages care-
ful patient surveillance. Yet if any debate remains concern-
ing the long-term benefits associated with starting statin
therapy in the second decade of life versus the third decade,
it will not be resolved until long-term data become
available.

Autosomal recessive hypercholesterolemia

While autosomal recessive hypercholesterolemia (ARH;
MIM 603813) is a monogenic lipid disorder most prevalent
in people of Italian heritage, patients have been docu-
mented from many geographical ancestries [49]. ARH has
a clinical presentation very similar to HoFH, with some
key differences; for instance, physical signs are quite simi-
lar, but aortic valve stenosis is less common and aortic root
disease shows slower progression [49]. Age of diagnosis can
vary between the first and fifth decades of life, making
ARH a potential diagnosis in both pediatric and adult pop-
ulations. In reported patients, total plasma cholesterol lev-
els have varied between 9.6 and 27.1 mmol/L, while LDL-
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cholesterol levels have varied between 8.6 and 22.9 mmol/L
[50]. Despite the large variability, these parameters are suf-
ficiently abnormal in ARH patients to satisfy the Simon
Broome criteria for HeFH diagnosis [39]; in the context
of a pediatric clinical presentation ARH closely resembles
HoFH. A recent study that directly compared the two con-
ditions concluded that ARH most closely resembled recep-
tor-defective HoFH, while receptor-negative HoFH
patients have higher plasma LDL levels and a ninefold
increased risk of CAD with earlier onset [51]. The two dis-
orders may be distinguished through sequencing of the
ARH and LDLR genes or through Western blotting of
ARH protein in biopsy samples [52].

Treatment of ARH differs substantially from HoFH in
that statins reduce plasma LDL-cholesterol by 30–60%
[53]. ARH is an adapter protein that facilitates LDL
uptake by hepatocytes by promoting clathrin-pit mediated
LDLR clustering and internalization [54,55]. Evidence sug-
gests that ARH fibroblasts could use a different mechanism
of LDLR internalization independent of ARH protein
[54,56], so that statin-induced LDLR upregulation
enhances LDL clearance by these cells. Combination ther-
apy including statins, ezetimibe and bile acid sequestrants
(which sequester bile acids in the small intestine, causing
upregulation of the LDL receptor which results in reduced
plasma LDL-cholesterol) is typically indicated in these
patients [57], rather than some of the more dramatic treat-
ments used for HoFH.

Lysosomal acid lipase deficiency

Lysosomal acid lipase is the enzyme responsible for
intracellular hydrolysis of triglycerides and cholesteryl
esters by many tissues throughout the body [58]. Mutations
in the LIPA gene encoding lysosomal acid lipase underlie
lipid storage diseases characterized by intracellular accu-
mulation of unhydrolyzed lipids [58]. The two autosomal
recessive diseases associated with defective lysosomal acid
lipase are Wolman disease (MIM 278000) and cholesteryl
ester storage disease (CESD; MIM 278000), which are
characterized by the production of non-functional and par-
tially functional enzymes, respectively [59]. While CESD is
a disease of adolescence and adulthood, Wolman disease is
a neonatal disease often leading to death during the first
year [60].

CESD is usually diagnosed during childhood or adoles-
cence and typically presents with hypercholesterolemia and
hepatomegaly, which eventually leads to hepatic fibrosis
[60]. Wolman disease has a much more dramatic presenta-
tion during infancy, with clinical features that include
hepatosplenomegaly, failure to thrive, steatorrhea, anemia,
jaundice and an acutely ill appearance [60,61]. Pathological
examination shows triglyceride and cholesterol accumula-
tion in liver, spleen, intestinal lining, bone marrow and vas-
culature, as well as severe adrenal calcification [60,61].
Plasma cholesterol and triglyceride levels are low to normal
[60]. While patients with CESD can have increased LDL-
cholesterol that responds to treatment with statins and eze-
timibe [62], there is no specific treatment for Wolman dis-
ease and prognosis is sometimes unfavourable, although
some remarkable results have been obtained showing the
feasibility of bone marrow transplantation, enzyme ther-
apy and gene therapy [63–65]. One recent report shows
promise for early umbilical stem cell transplantation as a
curative intervention [66]. Prenatal diagnosis can be per-
formed when suspicion of the disease exists [67]. However,
prognosis remains quite grim and children usually die
within 1 year [60].

Phytosterolemia

Patients with phytosterolemia (MIM 210250) can have
some features in common with HoFH patients. Phytostero-
lemia, also known as sitosterolemia, is predominantly
found in pediatric patients; the main defect involves a selec-
tive increase in plasma concentrations of plant sterols or
phytosterols, including sitosterol and campesterol, which
occur in concentrations of 100 and 10 times higher than
normal, respectively [68]. One study found that normal
and phytosterolemia patients had average plasma sitosterol
concentrations of 0.3 and 3.5 mg/dL, respectively [69]. This
condition results from mutations in the ABCG5 (MIM
605459) and ABCG8 (MIM 605460) genes [70,71], which
together encode a heterodimeric G5G8 protein expressed
by hepatocytes and enterocytes. In unaffected individuals,
the G5G8 transporter in duodenal enterocytes rapidly
returns most absorbed phytosterols back to the intestinal
lumen before these sterols become incorporated into chylo-
microns and reach the systemic circulation. Phytosterols
that do enter the circulation are then secreted into the bile
by hepatocytes using the same G5G8 transporter [2,72,73].
ABCG5 and ABCG8 mutations causing dysfunctional
G5G8 transporters result in severely increased plasma phy-
tosterol concentration; these sterols are incorporated into
chylomicrons and other cholesterol-carrying lipoproteins.

Clinical similarities between phytosterolemia and HoFH
include childhood presentation of tuberous and tendinous
xanthomata, and early appearance of cardiovascular dis-
ease as a result of sterol deposition in the wall of the
ascending aorta and coronary ostia [68]. Phytosterolemia
may be distinguished from HoFH by a general absence
of corneal arcus and by several additional key symptoms
including recurrent joint arthritis often affecting knees
and ankles, splenomegaly, hemolysis and platelet abnor-
malities [68]. Importantly, total plasma cholesterol levels
may range from normal to moderately elevated, but are
on average less than 10 mmol/L [69].

Treatment involves dietary elimination of all sources of
non-cholesterol sterols, including such common foods as
vegetable oils, margarine, nuts, olives, avocadoes and shell-
fish [68]. Bile acid sequestrants and ezetimibe effectively
lower both plasma cholesterol and plant sterol levels, while
statins produce minimal response due to their selective
reduction in plasma cholesterol, [74,75].
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Disorders resulting in depressed plasma LDL-cholesterol

(Table 2)

Hypobetalipoproteinemia

Abnormally low levels of chylomicrons, VLDL and
LDL particles in a child’s plasma may be caused by several
monogenic disorders that reduce the quantity or quality of
apo B produced by the liver and small intestine. The two
most well-studied are abetalipoproteinemia (ABL; MIM
200100) and familial hypobetalipoproteinemia (FHBL;
MIM 107730), which result from mutations in the MTP

(MIM 157147) and APOB (MIM 107730) genes, respec-
tively [13]. A rare form of mild familial hypobetalipopro-
teinemia results from heterozygous loss-of-function
mutations in the PCSK9 gene, as discussed in detail
below.

Microsomal triglyceride transfer protein, which is the
product of the MTP gene, is indispensable for VLDL pro-
duction; although many details remain unclear, it is likely
that this protein stabilizes or chaperones nascent apo B
early during VLDL synthesis while triglycerides are being
added to the developing particle [76,77]. Missense and
truncation mutations in MTP that result in non-functional
protein products cause a near complete lack of circulating
apo B containing lipoproteins in the plasma of homozyg-
otes or compound heterozygotes [78]. In FHBL, almost
60 mutations have been documented in the APOB gene
[79]. These are usually truncation mutations in contrast
to missense mutations in the receptor-binding domain of
apo B that cause familial defective apo B, a form of hyper-
cholesterolemia (FDB, see above) [78]. Since apo B is the
primary apolipoprotein in chylomicrons and VLDL, famil-
ial hypobetalipoproteinemia patients have persistently low
plasma levels of these particles, even after a fatty meal.

The clinical pictures of ABL and homozygous FHBL
are very similar, and both result from a lack of cholesterol,
triglyceride and fat-soluble vitamin absorption and trans-
port from the small intestine [13]. Children are normal at
birth with both ABL and homozygous FHBL but soon
develop steatorrhea, diarrhea and failure to thrive. Defi-
ciency of vitamins A, E and K causes diverse symptoms
such as retinitis pigmentosa, retinal structural degenera-
tion, reduction in deep tendon reflexes and proprioception,
and bleeding secondary to prothrombin deficiency [79].
Acanthocytosis of erythrocytes and fatty deposits in liver
and intestinal epithelium are also observed [79]. Heterozy-
gous FHBL patients may be asymptomatic or may experi-
ence some of the same symptoms as homozygous FHBL
patients, although these symptoms usually appear during
adulthood [78,79]. It should be noted that apo B trunca-
tions have a 3 in 10,000 frequency in the general population
[80] while MTP mutations are also very rare; ABL appears
to be more prevalent in contexts favouring parental con-
sanguinity [79]. Family history is therefore an important
factor for diagnosis of these conditions. A major biochem-
ical differentiating factor is the presence of normal plasma
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lipids in parents of ABL subjects but half-normal total and
LDL-cholesterol in the heterozygous FHBL parents of
homozygous FHBL children [81].

Treatment for both ABL and homozygous FHBL
includes lifelong dietary supplementation with medium-
chain triglycerides and massive amounts of fat-soluble vita-
mins A, E and K, given orally (absorbed through the portal
circulation) to prevent the various symptoms that deficien-
cies can cause [79]. Due to malabsorption, long-chain tri-
glyceride intake should be limited to less than 15 g per
day and patients often become self-averse to these dietary
constituents or conversely become relatively tolerant to
them later in life [13].

Primary bile acid malabsorption

The SLC10A2 gene (MIM 601295) encodes the apical
sodium-dependent bile acid transporter (ASBT), which
has an important role in bile acid reabsorption in the distal
ileum [82]. Certain splicing and missense mutations in
SLC10A2 have reportedly caused primary bile acid malab-
sorption in children who are homozygotes or compound
heterozygotes for these rare mutant SLC10A2 alleles [83].
These children present with steatorrhea and diarrhea
within the first few days of life, and failure to thrive
becomes apparent after a few months [83–85]. Plasma
LDL-cholesterol and the bile acid pool are markedly
decreased, while fecal bile acid content and total stool out-
put are markedly increased [83,86]. Although signs and
symptoms tend to persist throughout life, steatorrhea and
diarrhea have been improved dramatically through dietary
therapy that is low in triglycerides and high in medium-
chain fatty acids [83].

While patients with primary bile acid malabsorption and
low serum LDL-cholesterol may benefit from long-term
protection against cardiovascular disease, studies have
not yet been performed to confirm this benefit. However,
the reduction in LDL-cholesterol associated with ASBT
dysfunction has made ASBT a potential pharmacological
target in the treatment of cardiovascular disease, and sev-
eral ASBT inactivators in mouse and guinea pig models
have been shown to reduce plasma LDL-cholesterol and
the progression of atherosclerosis [87–89].

Mutations in PCSK9

Mutations in the PCSK9 gene (MIM 607786) have been
implicated in both hypercholesterolemia (see above) and
hypobetalipoproteinemia (see above) phenotypes, although
prevalence of pediatric phenotypes due to mutations in this
gene remains to be determined. Heterozygous gain-of-func-
tion missense and nonsense mutations have been associated
with increased plasma LDL-cholesterol and early athero-
sclerosis [90–93], while loss-of-function mutations have
been associated with extremely low plasma LDL-choles-
terol and possible protection against early atherosclerosis
[94–98]. The PCSK9 gene encodes proprotein convertase
subtisilin/kexin 9, a serine protease that enhances LDLR
degradation following both biosynthesis and LDL-medi-
ated internalization, though these mechanisms have yet to
be fully understood [99]. However, studies in mice have
demonstrated that PCSK9 function negatively correlates
with LDLR expression and positively correlates with
plasma LDL concentration, while gain-of-function muta-
tions can additionally increase VLDL apo B concentration
[100–102].

A patient with two loss-of-function PCSK9 mutant
alleles had extremely low but detectable plasma apo B
and LDL-cholesterol [98], which contrasts with the absence
of these analytes in ABL and homozygous FHBL. It is
assumed that this biochemical phenotype would be
associated with longevity and reduced long-term risk of
cardiovascular disease, since evidence suggests that hetero-
zygous nonsense mutations and non-synonymous sequence
variations in PCSK9 may reduce cardiovascular disease
risk by up to 88% [96]. Meanwhile, patients heterozygous
for a gain-of-function PCSK9 allele (MIM 603776) share
many of the clinical features of subjects with HeFH [90];
they should be managed in the same manner as patients
with heterozygous LDLR mutations, with a combination
of a statin and ezetimibe [12,91].

Other pediatric dyslipidemias (Table 3)

Hypoalphalipoproteinemia (decreased HDL-cholesterol)

There are several genetic disorders that can lead to
reduced plasma high density lipoprotein (HDL) cholesterol
concentration, some of which can present in childhood or
adolescence. The most dramatic of these, namely Tangier
disease (MIM 205400), is characterized by a near absence
of HDL particles from the plasma [103]. The genetic defect
lies in the ABCA1 gene (MIM 600046), which encodes a
cell membrane protein implicated in cholesterol efflux from
tissues throughout the body [104–106]. As an important
part of the reverse cholesterol transport pathway, ABCA1
plays a focal role in cholesterol efflux from the cell interior
onto nascent HDL particles via apo A-I [107]. Apo A-I
(MIM 107680) is the main apolipoprotein component of
HDL, which returns cholesterol from the periphery to
the liver [5]. In the absence of functional ABCA1, plasma
HDL levels rarely exceed 0.2 mmol/L and usually
approach zero as apo A-I fails to bind and remove
cholesterol from peripheral cells [103,108]. Some Tangier
disease patients may also have mild to moderate
hypertriglyceridemia .

For homozygous ABCA1 mutations causing Tangier
disease, the resulting clinical disease classically presents
during childhood with enlarged orange or yellow adenoids
and tonsils, hepatosplenomegaly and peripheral neuropa-
thy that may be either transient and recurring or progres-
sive and debilitating [103,108,109]. Accumulation of
cholesterol in macrophages that cannot efflux cholesterol
to HDL results in foam cell formation in the spleen, liver,



T
ab

le
3

O
th

er
m

o
n

o
ge

n
ic

d
ys

li
p

id
em

ia
s

in
th

e
p

ed
ia

tr
ic

an
d

ad
o

le
sc

en
t

p
o

p
u

la
ti

o
n

M
o

n
o

ge
n

ic
d

is
o

rd
er

A
ff

ec
te

d
ge

n
e

G
en

e
p

ro
d

u
ct

In
h

er
it

an
ce

K
ey

b
io

ch
em

ic
al

fe
at

u
re

s
K

ey
cl

in
ic

al
fe

at
u

re
s

T
yp

ic
al

ag
e

o
f

p
re

se
n

ta
ti

o
n

L
o

n
g-

te
rm

ca
rd

io
va

sc
u

la
r

an
d

o
th

er
ri

sk
s

T
an

gi
er

d
is

ea
se

(T
D

)
A

B
C

A
1

A
B

C
A

1
A

u
to

so
m

al
re

ce
ss

iv
e

E
xt

re
m

el
y

lo
w

p
la

sm
a

H
D

L
-

ch
o

le
st

er
o

l
(<

0.
2

m
m

o
l/

L
)

E
n

la
rg

ed
ye

ll
o

w
to

n
si

ls
&

ad
en

o
id

s
H

ep
at

o
sp

le
n

o
m

eg
al

y
P

er
ip

h
er

al
n

eu
ro

p
at

h
y

In
fa

n
cy

,
ch

il
d

h
o

o
d

In
cr

ea
se

d
li

fe
ti

m
e

ca
rd

io
va

sc
u

la
r

ri
sk

,
es

p
ec

ia
ll

y
w

it
h

o
th

er
ri

sk
fa

ct
o

rs
C

o
rn

ea
l

o
p

ac
ifi

ca
ti

o
n

P
er

ip
h

er
al

se
n

so
ri

m
o

to
r

n
eu

ro
p

at
h

y
w

it
h

m
u

sc
le

w
ea

k
n

es
s

an
d

at
ro

p
h

y

H
yp

er
ch

yl
o

m
ic

ro
n

em
ia

L
P

L
L

P
L

A
u

to
so

m
al

re
ce

ss
iv

e
E

xt
re

m
el

y
h

ig
h

fa
st

in
g

p
la

sm
a

tr
ig

ly
ce

ri
d

es
(>

10
m

m
o

l/
L

,
o

ft
en

>
20

)

A
b

d
o

m
in

al
p

ai
n

F
ai

lu
re

to
th

ri
ve

H
ep

at
o

sp
le

n
o

m
eg

al
y

L
ip

em
ia

re
ti

n
al

is
R

ec
u

rr
en

t
p

an
cr

ea
ti

ti
s

N
au

se
a,

vo
m

it
in

g
E

ru
p

ti
ve

xa
n

th
o

m
at

a
o

ve
r

ex
te

n
so

r
su

rf
ac

es
an

d
b

u
tt

o
ck

s

In
fa

n
cy

,
ch

il
d

h
o

o
d

N
o

in
cr

ea
se

in
ca

rd
io

va
sc

u
la

r
ri

sk
u

p
o

n
su

cc
es

sf
u

l
d

ie
t

th
er

ap
y

A
P

O
C

2
A

p
o

C
-I

I
A

u
to

so
m

al
re

ce
ss

iv
e

A.R. Rahalkar, R.A. Hegele / Molecular Genetics and Metabolism 93 (2008) 282–294 289
intestinal epithelium, bone marrow and other parts of the
reticuloendothelial system; cholesterol deposition also
occurs in fibroblasts, neurons and Schwann cells
[103,108]. Despite also having low LDL levels, children
with Tangier disease appear to have an increased risk of
cardiovascular disease later during adulthood, which is
likely related to the extremely low levels of plasma HDL
[110,111]. Treatment of the metabolic disturbances in
Tangier disease remains difficult using currently available
HDL-increasing drugs due to the absent ABCA1 function
[112]. Thus a reasonable treatment strategy later in life is to
decrease the plasma LDL:HDL ratio using cholesterol-
lowering pharmacotherapy in combination with cardiovas-
cular risk factor reduction and prevention through lifestyle
and diet modification [113]. Currently there is no consensus
regarding the specific treatment of Tangier disease in chil-
dren, and treatment courses are usually guided by the pres-
ence of secondary conditions and complications.

Other rare causes of depressed HDL-cholesterol are
inherited deficiencies of lecithin cholesteryl acyltransferase
(MIM 245900) or of apo A-I. These disorders do not pres-
ent with the classical physical signs of tonsillar enlarge-
ment, hepatosplenomegaly or neuropathy associated with
Tangier disease [103]. Although lecithin cholesteryl acyl-
transferase and apo A-I deficiency syndromes are charac-
terized by extremely low plasma HDL-cholesterol, clinical
presentation can be variable and signs such as corneal
clouding, tendon or skin-fold xanthomata and, in some
cases, premature cardiovascular disease, generally appear
during adulthood [103,114–116].

Hyperchylomicronemia

The hyperchylomicronemia syndrome seen in pediatric
patients is usually attributable to one of two monogenic
disorders affecting the peripheral metabolism of triglycer-
ide-rich, intestinally derived chylomicron particles. Lipo-
protein lipase (LPL; MIM 609708) is an enzyme of the
vascular endothelium that hydrolyzes chylomicron triglyc-
erides, making free fatty acids available for energy and
storage needs of skeletal and cardiac muscle and of adipose
tissue [117]. Apo C-II (MIM 608083) is incorporated into
chylomicrons and VLDLs from HDLs as an LPL activator
[118,119]. Homozygous or compound heterozygous muta-
tions in either of these genes result in a hypertriglyceridem-
ic syndrome that frequently manifests during infancy or
childhood. LPL deficiency has a commonly cited preva-
lence estimate of one in one million and apo C-II deficiency
is suspected to be even less common [120].

The most common symptom leading to referral is recur-
rent pancreatitis, which is thought to result from episodic
pancreatic ischemia secondary to hyperchylomicronemia
[121]. Patients usually complain of mild to severe abdomi-
nal pain with nausea and vomiting. Common physical signs
during childhood include failure to thrive, hepatospleno-
megaly, lipemia retinalis and eruptive xanthomata over
extensor surfaces and buttocks [38]. However, evidence
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suggests that presentations during infancy can be heteroge-
neous and may include other signs such as intestinal bleed-
ing, pallor, anemia, irritability, diarrhea, seizures and
encephalopathy [122,123]. Plasma lipid profiling typically
shows extremely elevated fasting triglyceride levels above
10 mmol/L [124], although symptoms associated with
hyperchylomicronemia syndrome such as pancreatitis usu-
ally occur when triglycerides exceed 20 mmol/L [125]. LDL
and HDL levels are usually below normal [120]. Plasma
appears milky and turbid, or lipemic, due to its high tri-
glyceride content [124].

Early diagnosis is important to prevent such complica-
tions as chronic pancreatitis and pancreatic necrosis
[117,126], although often pancreatic function deteriorates
very slowly [127]. Cardiovascular risk may also be
increased in these patients, though evidence has been
inconclusive [121,128]. An infant or child presenting with
hyperchylomicronemia syndrome can be tested for LPL
deficiency by performing an LPL assay using postheparin
plasma, which will demonstrate reduced LPL activity in a
deficient patient; apo C-II deficiency can be diagnosed if
this reduced LPL activity normalizes upon addition of
exogenous apo C-II [129]. However, as with many other
monogenic disorders, direct gene sequencing has now
become the more expedient diagnostic method.

Unfortunately, hyperchylomicronemia resulting from
deficiency in LPL or apo C-II is very difficult to treat with
existing pharmacologic agents. Fibrates treat hypertriglyc-
eridemia partially by upregulating LPL activity, making
them unsuitable for these patients. Niacin reduces VLDL
secretion by hepatocytes, which is only marginally useful
since chylomicrons have an intestinal origin [121]. The
most effective treatment modality is severe dietary triglycer-
ide restriction, although recommended targets vary from
less than 50 g per day, or under 25% of total daily caloric
intake [121] to less than 20 g per day, or under 15% [130].
However, such a dietary regime is often very difficult for
patients to follow. Recent efforts have focussed on the
potential for gene therapy as a long-term cure, and expres-
sion of virus-recombinant human gain-of-function mutant
LPLS447X in murine models has shown strongly favour-
able results when injected intramuscularly [131,132]. A clin-
ical trial is currently under way to examine the feasibility of
gene therapy in human LPL deficient patients [133].

Conclusions

There has been considerable recent progress in under-
standing at least a portion of the molecular bases for severe
dyslipidemias of childhood. Clear distinctions at the molec-
ular and clinical levels are emerging between lipid disorders
that manifest during adulthood and those that present in
children. Clinicians must adjust their perspective and goals
when dealing with monogenic disorders of lipoprotein
metabolism in the pediatric population. Monogenic disor-
ders may be suspected in children who present with mark-
edly deviated levels of plasma LDL-cholesterol, HDL-
cholesterol or triglycerides or with the signs and symptoms
of syndromes described in this review. Genetic analysis is
becoming more practical and useful in the diagnosis and
management of these patients. Since the molecular genetic
bases for some extreme pediatric lipid disorders are being
increasingly well-understood, there is some hope for future
treatments that take advantage of this understanding.
Acknowledgments

Supported by the Jacob J. Wolfe Distinguished Medical
Research Chair, the Edith Schulich Vinet Canada Research
Chair (Tier I) in Human Genetics, a Career Investigator
award from the Heart and Stroke Foundation of Ontario,
operating grants from the Canadian Institutes for Health
Research (MOP-13430, MT-8014), the Heart and Stroke
Foundation of Ontario (NA-5320, T-5603, PRG-5967
and the Irwin Bernick Summer Student Fellowship
through the University of Western Ontario) and by Gen-
ome Canada through the Ontario Genomics Institute.

References

[1] V. Rose, G. Wilson, G. Steiner, Familial hypercholesterolemia:
Report of coronary death at age 3 in a homozygous child and
prenatal diagnosis in a heterozygous sibling, J. Pediatr. 100 (1982)
757–759.

[2] J. Davignon, R. Dufour, Primary Hyperlipidemias, Clinical Pub-
lishing, Oxford, 2007.

[3] A.J. Lusis, R. Mar, P. Pajukanta, Genetics of atherosclerosis, Annu.
Rev. Genomics Hum. Genet. 5 (2004) 189–218.

[4] A.R. Tall, Protease variants, LDL, and coronary heart disease, N.
Engl. J. Med. 354 (2006) 1310–1312.

[5] D.J. Rader, Molecular regulation of HDL metabolism and function:
implications for novel therapies, J. Clin. Invest. 116 (2006) 3090–
3100.

[6] J.D. Brunzell, Clinical practice. Hypertriglyceridemia, N. Engl. J.
Med. 357 (2007) 1009–1017.

[7] J.L. Goldstein, H.H. Hobbs, M.S. Brown, Familial Hypercholes-
terolemia, in: C.R. Scriver, A.L. Beaudet, W.S. Sly, D. Valle (Eds.),
The Metabolic & Molecular Bases of Inherited Disease, McGraw-
Hill, New York, 2001, pp. 2863–2913.

[8] R.A. Hegele, Monogenic dyslipidemias: window on determinants of
plasma lipoprotein metabolism, Am. J. Hum. Genet. 69 (2001) 1161–
1177.

[9] High blood cholesterol, Nutr. Clin. Care 6 (2003) 108–114.
[10] B.A. Griffin, Lipoprotein atherogenicity: an overview of current

mechanisms, Proc. Nutr. Soc. 58 (1999) 163–169.
[11] P.O. Kwiterovich Jr., D.S. Fredrickson, R.I. Levy, Familial hyper-

cholesterolemia (one form of familial type II hyperlipoproteinemia).
A study of its biochemical, genetic and clinical presentation in
childhood, J. Clin. Invest. 53 (1974) 1237–1249.

[12] A.K. Soutar, R.P. Naoumova, Mechanisms of disease: genetic
causes of familial hypercholesterolemia, Nat. Clin. Pract. Cardio-
vasc. Med. 4 (2007) 214–225.

[13] J.P. Kane, R.J. Havel, Disorders of the biogenesis and secretion of
lipoproteins containing the B apolipoproteins, in: C.R. Scriver, A.L.
Beaudet, W.S. Sly, D. Valle (Eds.), The Metabolic & Molecular
Bases of Inherited Disease, McGraw-Hill, New York, 2001, pp.
2717–2752.

[14] R.A. Hegele, Genetic susceptibility to heart disease in Canada:
lessons from patients with familial hypercholesterolemia, Genome 49
(2006) 1343–1350.



A.R. Rahalkar, R.A. Hegele / Molecular Genetics and Metabolism 93 (2008) 282–294 291
[15] I. Tosi, P. Toledo-Leiva, C. Neuwirth, R.P. Naoumova, A.K.
Soutar, Genetic defects causing familial hypercholesterolaemia:
identification of deletions and duplications in the LDL-receptor
gene and summary of all mutations found in patients attending the
Hammersmith Hospital Lipid Clinic. Atherosclerosis (2006).

[16] Y.T. Mak, C.P. Pang, B. Tomlinson, J. Zhang, Y.S. Chan, T.W.
Mak, J.R. Masarei, Mutations in the low-density lipoprotein
receptor gene in Chinese familial hypercholesterolemia patients,
Arterioscler. Thromb. Vasc. Biol. 18 (1998) 1600–1605.

[17] D. Takada, M. Emi, Y. Ezura, Y. Nobe, K. Kawamura, Y. Iino, Y.
Katayama, Y. Xin, L.L. Wu, S. Larringa-Shum, S.H. Stephenson,
S.C. Hunt, P.N. Hopkins, Interaction between the LDL-receptor
gene bearing a novel mutation and a variant in the apolipoprotein
A-II promoter: molecular study in a 1135-member familial hyper-
cholesterolemia kindred, J. Hum. Genet. 47 (2002) 656–664.

[18] S. Moorjani, M. Roy, A. Torres, C. Betard, C. Gagne, M. Lambert,
D. Brun, J. Davignon, P. Lupien, Mutations of low-density-
lipoprotein-receptor gene, variation in plasma cholesterol, and
expression of coronary heart disease in homozygous familial
hypercholesterolaemia, Lancet 341 (1993) 1303–1306.

[19] L.M. Buja, P.T. Kovanen, D.W. Bilheimer, Cellular pathology of
homozygous familial hypercholesterolemia, Am. J. Pathol. 97 (1979)
327–357.

[20] A. Kawaguchi, K. Miyatake, C. Yutani, S. Beppu, M. Tsushima, T.
Yamamura, A. Yamamoto, Characteristic cardiovascular manifes-
tation in homozygous and heterozygous familial hypercholesterol-
emia, Am. Heart J. 137 (1999) 410–418.

[21] Risk of fatal coronary heart disease in familial hypercholesterola-
emia. Scientific Steering Committee on behalf of the Simon Broome
Register Group, BMJ 303 (1991) 893–896.

[22] I. Komuro, H. Kato, T. Nakagawa, K. Takahashi, A. Mimori, F.
Takeuchi, Y. Nishida, T. Miyamoto, The longest-lived patient with
homozygous familial hypercholesterolemia secondary to a defect in
internalization of the LDL receptor, Am. J. Med. Sci. 294 (1987)
341–345.

[23] C. Gagne, S. Moorjani, A.L. Torres, D. Brun, P.J. Lupien,
Homozygous familial hypercholesterolaemia, Lancet 343 (1994)
177.

[24] D. Sullivan, Guidelines for the diagnosis and management of
familial hypercholesterolaemia, Heart Lung Circ. 16 (2007) 25–27.

[25] K. Widhalm, A. Dirisamer, A. Lindemayr, G. Kostner, Diagnosis of
families with familial hypercholesterolaemia and/or Apo B-100
defect by means of DNA analysis of LDL-receptor gene mutations,
J. Inherit. Metab. Dis. 30 (2007) 239–247.

[26] J.L. Goldstein, M.S. Brown, The LDL receptor locus and the
genetics of familial hypercholesterolemia, Annu. Rev. Genet. 13
(1979) 259–289.

[27] G. Zuliani, G.B. Vigna, A. Corsini, M. Maioli, F. Romagnoni, R.
Fellin, Severe hypercholesterolaemia: unusual inheritance in an
Italian pedigree, Eur. J. Clin. Invest. 25 (1995) 322–331.

[28] P.W. Stacpoole, K. von Bergmann, L.L. Kilgore, L.A. Zech, W.R.
Fisher, Nutritional regulation of cholesterol synthesis and apolipo-
protein B kinetics: studies in patients with familial hypercholester-
olemia and normal subjects treated with a high carbohydrate, low fat
diet, J. Lipid Res. 32 (1991) 1837–1848.

[29] G.R. Thompson, LDL apheresis, Atherosclerosis 167 (2003) 1–13.
[30] J. Thompsen, P.D. Thompson, A systematic review of LDL

apheresis in the treatment of cardiovascular disease, Atherosclerosis
189 (2006) 31–38.

[31] G.M. Berger, J.C. Firth, P. Jacobs, L. Wood, A.D. Marais, A.
Horak, Three different schedules of low-density lipoprotein apher-
esis compared with plasmapheresis in patients with homozygous
familial hypercholesterolemia, Am. J. Med. 88 (1990) 94–100.

[32] P.N. Hopkins, Familial hypercholesterolemia—improving treatment
and meeting guidelines, Int. J. Cardiol. 89 (2003) 13–23.

[33] M.E. Sweeney, R.R. Johnson, Ezetimibe: an update on the
mechanism of action, pharmacokinetics and recent clinical trials,
Expert Opin. Drug Metab. Toxicol. 3 (2007) 441–450.
[34] A. Yamamoto, M. Harada-Shiba, M. Endo, N. Kusakabe, T.
Tanioka, H. Kato, T. Shoji, The effect of ezetimibe on serum lipids
and lipoproteins in patients with homozygous familial hypercholes-
terolemia undergoing LDL-apheresis therapy, Atherosclerosis 186
(2006) 126–131.

[35] K. Kozarsky, M. Grossman, J.M. Wilson, Adenovirus-mediated
correction of the genetic defect in hepatocytes from patients with
familial hypercholesterolemia, Somat. Cell Mol. Genet. 19 (1993)
449–458.

[36] N. Kawagishi, K. Satoh, Y. Akamatsu, S. Sekiguchi, Y. Ishigaki, S.
Oikawa, S. Satomi, Long-term outcome after living donor liver
transplantation for two cases of homozygous familial hypercholes-
terolemia from a heterozygous donor, J. Atheroscler. Thromb. 14
(2007) 94–98.

[37] M. Cuchel, L.T. Bloedon, P.O. Szapary, D.M. Kolansky, M.L.
Wolfe, A. Sarkis, J.S. Millar, K. Ikewaki, E.S. Siegelman, R.E.
Gregg, D.J. Rader, Inhibition of microsomal triglyceride transfer
protein in familial hypercholesterolemia, N. Engl. J. Med. 356 (2007)
148–156.

[38] P. Durrington, Dyslipidaemia, Lancet 362 (2003) 717–731.
[39] G. Yuan, J. Wang, R.A. Hegele, Heterozygous familial hypercho-

lesterolemia: an underrecognized cause of early cardiovascular
disease, CMAJ 174 (2006) 1124–1129.

[40] A. Wiegman, J. Rodenburg, S. de Jongh, J.C. Defesche, H.D.
Bakker, J.J. Kastelein, E.J. Sijbrands, Family history and cardio-
vascular risk in familial hypercholesterolemia: data in more than
1000 children, Circulation 107 (2003) 1473–1478.

[41] R. Plewa, M. Luczak, P. Burchardt, A. Bolewski, J. Wierzchowiecki,
T. Siminiak, Monogenic hypercholesterolaemias—an evaluation of
apolipoprotein B100 and LDL receptor gene polymorphisms,
Kardiol. Pol. 64 (discussion 134) (2006) 127–133.

[42] J. Slack, Risks of ischaemic heart-disease in familial hyperlipopro-
teinaemic states, Lancet 2 (1969) 1380–1382.

[43] D.E. Bild, R.R. Williams, H.B. Brewer, J.A. Herd, T.A. Pearson, E.
Stein, Identification and management of heterozygous familial
hypercholesterolemia: summary and recommendations from an
NHLBI workshop, Am. J. Cardiol. 72 (1993) 1D–5D.

[44] American Academy of Pediatrics, National cholesterol education
program: report of the expert panel on blood cholesterol levels in
children and adolescents, Pediatrics 89 (1992) 525–584.

[45] H.J. Avis, M.N. Vissers, E.A. Stein, F.A. Wijburg, M.D. Trip, J.J.
Kastelein, B.A. Hutten, A systematic review and meta-analysis of
statin therapy in children with familial hypercholesterolemia, Arte-
rioscler. Thromb. Vasc. Biol. 27 (2007) 1803–1810.

[46] C. Arambepola, A.J. Farmer, R. Perera, H.A. Neil, Statin treatment
for children and adolescents with heterozygous familial hypercho-
lesterolaemia: a systematic review and meta-analysis, Atherosclerosis
(2006).

[47] J. Rodenburg, M.N. Vissers, A. Wiegman, A.S. van Trotsenburg, A.
van der Graaf, E. de Groot, F.A. Wijburg, J.J. Kastelein, B.A.
Hutten, Statin treatment in children with familial hypercholesterol-
emia. The younger, the better, Circulation 116 (2007) 664–668.

[48] B.W. McCrindle, E.M. Urbina, B.A. Dennison, M.S. Jacobson,
J. Steinberger, A.P. Rocchini, L.L. Hayman, S.R. Daniels, Drug
therapy of high-risk lipid abnormalities in children and adoles-
cents: a scientific statement from the American Heart Association
Atherosclerosis, Hypertension, and Obesity in Youth Committee,
Council of Cardiovascular Disease in the Young, with the
Council on Cardiovascular Nursing, Circulation 115 (2007) 1948–
1967.

[49] A.K. Soutar, R.P. Naoumova, L.M. Traub, Genetics, clinical
phenotype, and molecular cell biology of autosomal recessive
hypercholesterolemia, Arterioscler. Thromb. Vasc. Biol. 23 (2003)
1963–1970.

[50] R.P. Naoumova, C. Neuwirth, P. Lee, J.P. Miller, K.G. Taylor,
A.K. Soutar, Autosomal recessive hypercholesterolaemia: long-term
follow up and response to treatment, Atherosclerosis 174 (2004)
165–172.



292 A.R. Rahalkar, R.A. Hegele / Molecular Genetics and Metabolism 93 (2008) 282–294
[51] L. Pisciotta, C. Priore Oliva, G.M. Pes, L. Di Scala, A. Bellocchio,
R. Fresa, A. Cantafora, M. Arca, S. Calandra, S. Bertolini,
Autosomal recessive hypercholesterolemia (ARH) and homozygous
familial hypercholesterolemia (FH): a phenotypic comparison,
Atherosclerosis 188 (2006) 398–405.

[52] A.B. Abera, A.D. Marais, F.J. Raal, F. Leisegang, S. Jones, P.
George, H.E. Henderson, Autosomal recessive hypercholesterola-
emia: discrimination of ARH protein and LDLR function in the
homozygous FH phenotype, Clin. Chim. Acta 378 (2007) 33–37.

[53] M. Arca, G. Zuliani, K. Wilund, F. Campagna, R. Fellin, S.
Bertolini, S. Calandra, G. Ricci, N. Glorioso, M. Maioli, P. Pintus,
C. Carru, F. Cossu, J. Cohen, H.H. Hobbs, Autosomal recessive
hypercholesterolaemia in Sardinia, Italy, and mutations in ARH: a
clinical and molecular genetic analysis, Lancet 359 (2002) 841–847.

[54] C.K. Garcia, K. Wilund, M. Arca, G. Zuliani, R. Fellin, M. Maioli,
S. Calandra, S. Bertolini, F. Cossu, N. Grishin, R. Barnes, J.C.
Cohen, H.H. Hobbs, Autosomal recessive hypercholesterolemia
caused by mutations in a putative LDL receptor adaptor protein,
Science 292 (2001) 1394–1398.

[55] R. Garuti, C. Jones, W.P. Li, P. Michaely, J. Herz, R.D. Gerard,
J.C. Cohen, H.H. Hobbs, The modular adaptor protein autosomal
recessive hypercholesterolemia (ARH) promotes low density lipo-
protein receptor clustering into clathrin-coated pits, J. Biol. Chem.
280 (2005) 40996–41004.

[56] M.E. Maurer, J.A. Cooper, The adaptor protein Dab2 sorts LDL
receptors into coated pits independently of AP-2 and ARH, J. Cell
Sci. 119 (2006) 4235–4246.

[57] R.P. Naoumova, G.R. Thompson, A.K. Soutar, Current manage-
ment of severe homozygous hypercholesterolaemias, Curr. Opin.
Lipidol. 15 (2004) 413–422.

[58] J.L. Goldstein, S.E. Dana, J.R. Faust, A.L. Beaudet, M.S. Brown,
Role of lysosomal acid lipase in the metabolism of plasma low
density lipoprotein. Observations in cultured fibroblasts from a
patient with cholesteryl ester storage disease, J. Biol. Chem. 250
(1975) 8487–8495.

[59] C. Aslanidis, S. Ries, P. Fehringer, C. Buchler, H. Klima, G.
Schmitz, Genetic and biochemical evidence that CESD and Wolman
disease are distinguished by residual lysosomal acid lipase activity,
Genomics 33 (1996) 85–93.

[60] G. Assmann, U. Seedorf, Acid lipase deficiency: Wolman disease
and cholesteryl ester storage disease, in: C.R. Scriver, A.L.
Beaudet, W.S. Sly, D. Valle (Eds.), The Metabolic & Molecular
Bases of Inherited Disease, McGraw-Hill, New York, 2001, pp.
3551–3572.

[61] M. Wolman, V.V. Sterk, S. Gatt, M. Frenkel, Primary familial
xanthomatosis with involvement, calcification of the adrenals.
Report of two more cases in siblings of a previously described
infant, Pediatrics 28 (1961) 742–757.

[62] V.T. Tadiboyina, D.M. Liu, B.A. Miskie, J. Wang, R.A. Hegele,
Treatment of dyslipidemia with lovastatin and ezetimibe in an
adolescent with cholesterol ester storage disease, Lipids Health Dis.
4 (2005) 26.

[63] W. Krivit, C. Peters, K. Dusenbery, Y. Ben-Yoseph, N.K. Ramsay,
J.E. Wagner, R. Anderson, Wolman disease successfully treated by
bone marrow transplantation, Bone Marrow Transplant. 26 (2000)
567–570.

[64] H. Du, S. Schiavi, M. Levine, J. Mishra, M. Heur, G.A. Grabowski,
Enzyme therapy for lysosomal acid lipase deficiency in the mouse,
Hum. Mol. Genet. 10 (2001) 1639–1648.

[65] H. Du, M. Heur, D.P. Witte, D. Ameis, G.A. Grabowski, Lysosomal
acid lipase deficiency: correction of lipid storage by adenovirus-
mediated gene transfer in mice, Hum. Gene Ther. 13 (2002) 1361–
1372.

[66] J. Stein, B. Zion Garty, Y. Dror, E. Fenig, M. Zeigler, I. Yaniv,
Successful treatment of Wolman disease by unrelated umbilical cord
blood transplantation, Eur. J. Pediatr. 166 (2007) 663–666.

[67] G. Bona, M.R. Gallina, G. Dolfin, A. Iavarone, A. Perona, M.
Zaffaroni, Prenatal diagnosis of heterozygosis in a pregnancy at risk
for Wolman’s disease at the 8th week of gestation, Panminerva Med.
31 (1989) 180–182.

[68] I. Björkhem, K.M. Boberg, E. Leitersdorf, Inborn errors in bile acid
biosynthesis and storage of sterols other than cholesterol, in: C.R.
Scriver, A.L. Beaudet, W.S. Sly, D. Valle (Eds.), The Metabolic &
Molecular Bases of Inherited Disease, McGraw-Hill, New York,
2001, pp. 2961–2988.

[69] G. Salen, P.O. Kwiterovich Jr., S. Shefer, G.S. Tint, I. Horak, V.
Shore, B. Dayal, E. Horak, Increased plasma cholestanol and 5
alpha-saturated plant sterol derivatives in subjects with sitosterol-
emia and xanthomatosis, J. Lipid Res. 26 (1985) 203–209.

[70] K.E. Berge, H. Tian, G.A. Graf, L. Yu, N.V. Grishin, J. Schultz, P.
Kwiterovich, B. Shan, R. Barnes, H.H. Hobbs, Accumulation of
dietary cholesterol in sitosterolemia caused by mutations in adjacent
ABC transporters, Science 290 (2000) 1771–1775.

[71] M.H. Lee, K. Lu, S. Hazard, H. Yu, S. Shulenin, H. Hidaka, H.
Kojima, R. Allikmets, N. Sakuma, R. Pegoraro, A.K. Srivastava, G.
Salen, M. Dean, S.B. Patel, Identification of a gene, ABCG5,
important in the regulation of dietary cholesterol absorption, Nat.
Genet. 27 (2001) 79–83.

[72] G.A. Graf, L. Yu, W.P. Li, R. Gerard, P.L. Tuma, J.C. Cohen, H.H.
Hobbs, ABCG5 and ABCG8 are obligate heterodimers for protein
trafficking and biliary cholesterol excretion, J. Biol. Chem. 278
(2003) 48275–48282.

[73] L. Yu, K. von Bergmann, D. Lutjohann, H.H. Hobbs, J.C. Cohen,
Selective sterol accumulation in ABCG5/ABCG8-deficient mice, J.
Lipid Res. 45 (2004) 301–307.

[74] G. Salen, K. von Bergmann, D. Lutjohann, P. Kwiterovich, J. Kane,
S.B. Patel, T. Musliner, P. Stein, B. Musser, Ezetimibe effectively
reduces plasma plant sterols in patients with sitosterolemia, Circu-
lation 109 (2004) 966–971.

[75] J. Wang, T. Joy, D. Mymin, J. Frohlich, R.A. Hegele, Phenotypic
heterogeneity of sitosterolemia, J. Lipid Res. 45 (2004) 2361–2367.

[76] J.R. Wetterau, L.P. Aggerbeck, M.E. Bouma, C. Eisenberg, A.
Munck, M. Hermier, J. Schmitz, G. Gay, D.J. Rader, R.E. Gregg,
Absence of microsomal triglyceride transfer protein in individuals
with abetalipoproteinemia, Science 258 (1992) 999–1001.

[77] M.M. Hussain, J. Shi, P. Dreizen, Microsomal triglyceride transfer
protein and its role in apoB-lipoprotein assembly, J. Lipid Res. 44
(2003) 22–32.

[78] P. Tarugi, M. Averna, E. Di Leo, A.B. Cefalu, D. Noto, L.
Magnolo, L. Cattin, S. Bertolini, S. Calandra, Molecular diagnosis
of hypobetalipoproteinemia: an ENID review, Atherosclerosis
(2007).

[79] A.J. Hooper, F.M. van Bockxmeer, J.R. Burnett, Monogenic
hypocholesterolaemic lipid disorders and apolipoprotein B metab-
olism, Crit. Rev. Clin. Lab. Sci. 42 (2005) 515–545.

[80] F.K. Welty, C. Lahoz, K.L. Tucker, J.M. Ordovas, P.W. Wilson,
E.J. Schaefer, Frequency of ApoB and ApoE gene mutations as
causes of hypobetalipoproteinemia in the framingham offspring
population, Arterioscler. Thromb. Vasc. Biol. 18 (1998) 1745–
1751.

[81] K.Z. Al-Shali, R.A. Hegele, Acanthocytes and disorders of lipopro-
tein metabolism, in: A. Danek (Ed.), Neuroacanthocytosis Syn-
dromes, Springer, Dordrecht, 2004, pp. 21–30.

[82] M.H. Wong, P. Oelkers, P.A. Dawson, Identification of a mutation
in the ileal sodium-dependent bile acid transporter gene that
abolishes transport activity. J. Biol. Chem. 270 (1995) 27228–27234.

[83] P. Oelkers, L.C. Kirby, J.E. Heubi, P.A. Dawson, Primary bile acid
malabsorption caused by mutations in the ileal sodium-dependent
bile acid transporter gene (SLC10A2), J. Clin. Invest. 99 (1997)
1880–1887.

[84] J.E. Heubi, W.F. Balistreri, J.C. Partin, W.K. Schubert, C.A.
McGraw, Refractory infantile diarrhea due to primary bile acid
malabsorption, J. Pediatr. 94 (1979) 546–551.

[85] J.E. Heubi, W.F. Balistreri, J.D. Fondacaro, J.C. Partin, W.K.
Schubert, Primary bile acid malabsorption: defective in vitro ileal
active bile acid transport, Gastroenterology 83 (1982) 804–811.



A.R. Rahalkar, R.A. Hegele / Molecular Genetics and Metabolism 93 (2008) 282–294 293
[86] B.L. Shneider, Intestinal bile acid transport: biology, physiology,
and pathophysiology, J. Pediatr. Gastroenterol. Nutr. 32 (2001)
407–417.

[87] K.L. West, T.L. Zern, D.N. Butteiger, B.T. Keller, M.L. Fernandez,
SC-435, an ileal apical sodium co-dependent bile acid transporter
(ASBT) inhibitor lowers plasma cholesterol and reduces atheroscle-
rosis in guinea pigs, Atherosclerosis 171 (2003) 201–210.

[88] B.G. Bhat, S.R. Rapp, J.A. Beaudry, N. Napawan, D.N. Butteiger,
K.A. Hall, C.L. Null, Y. Luo, B.T. Keller, Inhibition of ileal bile
acid transport and reduced atherosclerosis in apoE�/� mice by SC-
435, J. Lipid Res. 44 (2003) 1614–1621.

[89] M. Vicens, R.I. Macias, O. Briz, A. Rodriguez, M.Y. El-Mir, M.
Medarde, J.J. Marin, Inhibition of the intestinal absorption of bile
acids using cationic derivatives: mechanism and repercussions,
Biochem. Pharmacol. 73 (2007) 394–404.

[90] M. Abifadel, M. Varret, J.P. Rabes, D. Allard, K. Ouguerram, M.
Devillers, C. Cruaud, S. Benjannet, L. Wickham, D. Erlich, A.
Derre, L. Villeger, M. Farnier, I. Beucler, E. Bruckert, J. Chambaz,
B. Chanu, J.M. Lecerf, G. Luc, P. Moulin, J. Weissenbach, A. Prat,
M. Krempf, C. Junien, N.G. Seidah, C. Boileau, Mutations in
PCSK9 cause autosomal dominant hypercholesterolemia, Nat.
Genet. 34 (2003) 154–156.

[91] X.M. Sun, E.R. Eden, I. Tosi, C.K. Neuwirth, D. Wile, R.P.
Naoumova, A.K. Soutar, Evidence for effect of mutant PCSK9 on
apolipoprotein B secretion as the cause of unusually severe domi-
nant hypercholesterolaemia, Hum. Mol. Genet. 14 (2005) 1161–
1169.

[92] T.P. Leren, Mutations in the PCSK9 gene in Norwegian subjects
with autosomal dominant hypercholesterolemia, Clin. Genet. 65
(2004) 419–422.

[93] K.M. Timms, S. Wagner, M.E. Samuels, K. Forbey, H. Goldfine, S.
Jammulapati, M.H. Skolnick, P.N. Hopkins, S.C. Hunt, D.M.
Shattuck, A mutation in PCSK9 causing autosomal-dominant
hypercholesterolemia in a Utah pedigree, Hum. Genet. 114 (2004)
349–353.

[94] I.K. Kotowski, A. Pertsemlidis, A. Luke, R.S. Cooper, G.L. Vega,
J.C. Cohen, H.H. Hobbs, A spectrum of PCSK9 alleles contributes
to plasma levels of low-density lipoprotein cholesterol, Am. J. Hum.
Genet. 78 (2006) 410–422.

[95] P. Yue, M. Averna, X. Lin, G. Schonfeld, The c. 43_44insCTG
variation in PCSK9 is associated with low plasma LDL-cholesterol
in a Caucasian population, Hum. Mutat. 27 (2006) 460–466.

[96] J.C. Cohen, E. Boerwinkle, T.H. Mosley Jr., H.H. Hobbs, Sequence
variations in PCSK9, low LDL, and protection against coronary
heart disease, N. Engl. J. Med. 354 (2006) 1264–1272.

[97] T. Fasano, A.B. Cefalu, E. Di Leo, D. Noto, D. Pollaccia, L. Bocchi,
V. Valenti, R. Bonardi, O. Guardamagna, M. Averna, P. Tarugi, A
novel loss of function mutation of PCSK9 gene in white subjects
with low-plasma low-density lipoprotein cholesterol, Arterioscler.
Thromb. Vasc. Biol. 27 (2007) 677–681.

[98] Z. Zhao, Y. Tuakli-Wosornu, T.A. Lagace, L. Kinch, N.V. Grishin,
J.D. Horton, J.C. Cohen, H.H. Hobbs, Molecular characterization
of loss-of-function mutations in PCSK9 and identification of a
compound heterozygote, Am. J. Hum. Genet. 79 (2006) 514–523.

[99] G. Lambert, Unravelling the functional significance of PCSK9,
Curr. Opin. Lipidol. 18 (2007) 304–309.

[100] F. Lalanne, G. Lambert, M.J. Amar, M. Chetiveaux, Y. Zair, A.L.
Jarnoux, K. Ouguerram, J. Friburg, N.G. Seidah, H.B. Brewer Jr.,
M. Krempf, P. Costet, Wild-type PCSK9 inhibits LDL clearance but
does not affect apoB-containing lipoprotein production in mouse
and cultured cells, J. Lipid. Res. 46 (2005) 1312–1319.

[101] K.N. Maxwell, J.L. Breslow, Adenoviral-mediated expression of
Pcsk9 in mice results in a low-density lipoprotein receptor knockout
phenotype, Proc. Natl. Acad. Sci. USA 101 (2004) 7100–7105.

[102] S.W. Park, Y.A. Moon, J.D. Horton, Post-transcriptional regulation
of low density lipoprotein receptor protein by proprotein convertase
subtilisin/kexin type 9a in mouse liver. J. Biol. Chem. 279 (2004)
50630–50638.
[103] G. Assmann, A. von Eckardstein, H.B. Brewer, Familial analpha-
lipoproteinemia: Tangier disease, in: C.R. Scriver, A.L. Beaudet,
W.S. Sly, D. Valle (Eds.), The Metabolic & Molecular Bases of
Inherited Disease, McGraw-Hill, New York, 2001, pp. 2937–2960.

[104] M. Bodzioch, E. Orso, J. Klucken, T. Langmann, A. Bottcher, W.
Diederich, W. Drobnik, S. Barlage, C. Buchler, M. Porsch-Ozcuru-
mez, W.E. Kaminski, H.W. Hahmann, K. Oette, G. Rothe, C.
Aslanidis, K.J. Lackner, G. Schmitz, The gene encoding ATP-
binding cassette transporter 1 is mutated in Tangier disease, Nat.
Genet. 22 (1999) 347–351.

[105] A. Brooks-Wilson, M. Marcil, S.M. Clee, L.H. Zhang, K. Roomp,
M. van Dam, L. Yu, C. Brewer, J.A. Collins, H.O. Molhuizen, O.
Loubser, B.F. Ouelette, K. Fichter, K.J. Ashbourne-Excoffon, C.W.
Sensen, S. Scherer, S. Mott, M. Denis, D. Martindale, J. Frohlich,
K. Morgan, B. Koop, S. Pimstone, J.J. Kastelein, J. Genest Jr.,
M.R. Hayden, Mutations in ABC1 in Tangier disease and familial
high-density lipoprotein deficiency, Nat. Genet. 22 (1999) 336–345.

[106] S. Rust, M. Rosier, H. Funke, J. Real, Z. Amoura, J.C. Piette, J.F.
Deleuze, H.B. Brewer, N. Duverger, P. Denefle, G. Assmann,
Tangier disease is caused by mutations in the gene encoding ATP-
binding cassette transporter 1, Nat. Genet. 22 (1999) 352–355.

[107] C. Vedhachalam, P.T. Duong, M. Nickel, D. Nguyen, P. Dhan-
asekaran, H. Saito, G.H. Rothblat, S. Lund-Katz, M.C. Phillips,
Mechanism of ATP-binding cassette transporter AI (ABCA1)-
mediated cellular lipid efflux to apolipoprotein A-I and formation
of high density lipoprotein particles, J. Biol. Chem. (2007).

[108] J.R. Nofer, A.T. Remaley, Tangier disease: still more questions than
answers, Cell. Mol. Life Sci. 62 (2005) 2150–2160.

[109] D.S. Fredrickson, The inheritance of high density lipoprotein
deficiency (Tangier disease), J. Clin. Invest. 43 (1964) 228–236.

[110] C. Serfaty-Lacrosniere, F. Civeira, A. Lanzberg, P. Isaia, J. Berg,
E.D. Janus, M.P. Smith Jr., P.H. Pritchard, J. Frohlich, R.S. Lees,
et al., Homozygous Tangier disease and cardiovascular disease,
Atherosclerosis 107 (1994) 85–98.

[111] S. Soumian, C. Albrecht, A.H. Davies, R.G. Gibbs, ABCA1 and
atherosclerosis, Vasc. Med. 10 (2005) 109–119.

[112] G. Franceschini, J.P. Werba, A.L. D’Acquarica, G. Gianfranceschi,
S. Michelagnoli, C.R. Sirtori, Microsomal enzyme inducers raise
plasma high-density lipoprotein cholesterol levels in healthy control
subjects but not in patients with primary hypoalphalipoproteinemia,
Clin. Pharmacol. Ther. 57 (1995) 434–440.

[113] R. McPherson, J. Frohlich, G. Fodor, J. Genest, S. Canadian
Cardiovascular, Canadian Cardiovascular Society position state-
ment–recommendations for the diagnosis and treatment of dyslipi-
demia and prevention of cardiovascular disease, Can. J. Cardiol. 22
(2006) 913–927.

[114] J.A. Kuivenhoven, H. Pritchard, J. Hill, J. Frohlich, G. Assmann, J.
Kastelein, The molecular pathology of lecith cholesterol acyltrans-
ferase (LCAT) deficiency syndromes, J. Lipid. Res. 38 (1997) 191–
205.

[115] M. Gigante, E. Ranieri, G. Cerullo, L. Calabresi, A. Iolascon, G.
Assmann, L. Morrone, L. Pisciotta, F.P. Schena, L. Gesualdo,
LCAT deficiency: molecular and phenotypic characterization of an
Italian family, J. Nephrol. 19 (2006) 375–381.

[116] A. von Eckardstein, Differential diagnosis of familial high density
lipoprotein deficiency syndromes, Atherosclerosis 186 (2006) 231–
239.

[117] J.D. Brunzell, S.S. Deeb, Familial lipoprotein lipase deficiency Apo
C-II deficiency and hepatic lipase deficiency, in: C.R. Scriver, A.L.
Beadudet, W.S. Sly, D. Valle (Eds.), The Metabolic & Molecular
Bases of Inherited Disease, McGraw-Hill, New York, 2001, pp.
2789–2816.

[118] J.C. LaRosa, R.I. Levy, P. Herbert, S.E. Lux, D.S. Fredrickson, A
specific apoprotein activator for lipoprotein lipase, Biochem.
Biophys. Res. Commun. 41 (1970) 57–62.

[119] R.J. Havel, J.P. Kane, M.L. Kashyap, Interchange of apolipopro-
teins between chylomicrons and high density lipoproteins during
alimentary lipemia in man, J. Clin. Invest. 52 (1973) 32–38.



294 A.R. Rahalkar, R.A. Hegele / Molecular Genetics and Metabolism 93 (2008) 282–294
[120] S.S. Fojo, H.B. Brewer, Hypertriglyceridaemia due to genetic defects
in lipoprotein lipase and apolipoprotein C-II, J. Intern. Med. 231
(1992) 669–677.

[121] M.C. Nierman, J. Rip, J. Twisk, J.J. Meulenberg, J.J. Kastelein, E.S.
Stroes, J.A. Kuivenhoven, Gene therapy for genetic lipoprotein lipase
deficiency: from promise to practice, Neth. J. Med. 63 (2005) 14–19.

[122] J.C. Feoli-Fonseca, E. Levy, M. Godard, M. Lambert, Familial
lipoprotein lipase deficiency in infancy: clinical, biochemical, and
molecular study, J. Pediatr. 133 (1998) 417–423.

[123] C.J. Wilson, C. Priore Oliva, F. Maggi, A.L. Catapano, S. Calandra,
Apolipoprotein C-II deficiency presenting as a lipid encephalopathy
in infancy, Ann. Neurol. 53 (2003) 807–810.

[124] G. Yuan, K.Z. Al-Shali, R.A. Hegele, Hypertriglyceridemia: its
etiology, effects and treatment, CMAJ 176 (2007) 1113–1120.

[125] J.D. Brunzell, E.L. Bierman, Chylomicronemia syndrome. Interac-
tion of genetic and acquired hypertriglyceridemia, Med. Clin. North.
Am. 66 (1982) 455–468.

[126] K. Truninger, P.A. Schmid, M.M. Hoffmann, P. Bertschinger, R.W.
Ammann, Recurrent acute and chronic pancreatitis in two brothers with
familial chylomicronemia syndrome, Pancreas 32 (2006) 215–219.

[127] M.A. Kawashiri, T. Higashikata, M. Mizuno, M. Takata, S.
Katsuda, K. Miwa, T. Nozue, A. Nohara, A. Inazu, J. Kobayashi,
J. Koizumi, H. Mabuchi, Long-term course of lipoprotein lipase
(LPL) deficiency due to homozygous LPL(Arita) in a patient with
recurrent pancreatitis, retained glucose tolerance, and atherosclero-
sis, J. Clin. Endocrinol. Metab. 90 (2005) 6541–6544.
[128] P. Benlian, J.L. De Gennes, L. Foubert, H. Zhang, S.E. Gagne, M.
Hayden, Premature atherosclerosis in patients with familial chylo-
micronemia caused by mutations in the lipoprotein lipase gene, N.
Engl. J. Med. 335 (1996) 848–854.

[129] W.C. Breckenridge, P. Alaupovic, D.W. Cox, J.A. Little, Apolipo-
protein and lipoprotein concentrations in familial apolipoprotein C-
II deficiency, Atherosclerosis 44 (1982) 223–235.

[130] S. Sugandhan, S. Khandpur, V.K. Sharma, Familial chylomicrone-
mia syndrome, Pediatr. Dermatol. 24 (2007) 323–325.

[131] C.J. Ross, J. Twisk, J.M. Meulenberg, G. Liu, K. van den Oever, E.
Moraal, W.T. Hermens, J. Rip, J.J. Kastelein, J.A. Kuivenhoven,
M.R. Hayden, Long-term correction of murine lipoprotein lipase
deficiency with AAV1-mediated gene transfer of the naturally
occurring LPL(S447X) beneficial mutation, Hum. Gene Ther. 15
(2004) 906–919.

[132] C.J. Ross, G. Liu, J.A. Kuivenhoven, J. Twisk, J. Rip, W. van Dop,
K.J. Excoffon, S.M. Lewis, J.J. Kastelein, M.R. Hayden, Complete
rescue of lipoprotein lipase-deficient mice by somatic gene transfer of
the naturally occurring LPLS447X beneficial mutation, Arterioscler.
Thromb. Vasc. Biol. 25 (2005) 2143–2150.

[133] J. Rip, M.C. Nierman, J.A. Sierts, W. Petersen, K. Van den Oever,
D. Van Raalte, C.J. Ross, M.R. Hayden, A.C. Bakker, P.
Dijkhuizen, W.T. Hermens, J. Twisk, E. Stroes, J.J. Kastelein,
J.A. Kuivenhoven, J.M. Meulenberg, Gene therapy for lipoprotein
lipase deficiency: working toward clinical application, Hum. Gene
Ther. 16 (2005) 1276–1286.


	Monogenic pediatric dyslipidemias: Classification, genetics and clinical spectrum
	Introduction
	Disorders resulting in elevated plasma LDL-cholesterol (Table 1)
	Homozygous familial hypercholesterolemia (HoFH)
	Heterozygous familial hypercholesterolemia (HeFH) and familial defective apolipoprotein B (FDB)-A pediatric perspective
	Autosomal recessive hypercholesterolemia
	Lysosomal acid lipase deficiency
	Phytosterolemia

	Disorders resulting in depressed plasma LDL-cholesterol (Table 2)
	Hypobetalipoproteinemia
	Primary bile acid malabsorption
	Mutations in PCSK9

	Other pediatric dyslipidemias (Table 3)
	Hypoalphalipoproteinemia (decreased HDL-cholesterol)
	Hyperchylomicronemia

	Conclusions
	Acknowledgments
	References


