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Abstract

The plasma level of LDL cholesterol is clinically important and genetically complex. LDL cholesterol levels are in large part
determined by the activity of LDL receptors (LDLR) in the liver. Autosomal dominant familial hypercholesterolacmia (FH)
— with its high LDL cholesterol levels, xanthomas, and premature atherosclerosis — is caused by mutations in either the LDLR
or in APOB — the protein in LDL recognised by the LDLR. A third, rare form — autosomal recessive hypercholesterolaemia
— arises from mutations in the gene encoding an adaptor protein involved in the internalisation of the LDLR. A fourth variant
of inherited hypercholesterolaemia was recently found to be associated with missense mutations in PCSK9, which encodes a
serine protease that degrades LDLR. Whereas the gain-of-function mutations in PCSK9 are rare, a spectrum of more frequent
loss-of-function mutations in PCSK9 associated with low LDL cholesterol levels has been identified in selected populations
and could protect against coronary heart disease. Heterozygous familial hypobetalipoproteinaemia (FHBL) — with its low
LDL cholesterol levels and resistance to atherosclerosis — is caused by mutations in APOB. In contrast to other inherited forms
of severe hypocholesterolaemia such as abetalipoproteinaemia - caused by mutations in M7P - and homozygous FHBL, a
deficiency of PCSK9 appears to be benign. Rare variants of NPCILI, the gene encoding the putative intestinal cholesterol
receptor, have shown more modest effects on plasma LDL cholesterol than PCSK9 variants, similar in magnitude to the effect of
common APOE variants. Taken together, these findings indicate that heritable variation in plasma LDL cholesterol is conferred
by sequence variation in various loci, with a small number of common and multiple rare gene variants contributing to the
phenotype.

Introduction variation is polygenic attributable to sequence variation in

Genetic, pathological and epidemiological studies have
clearly shown that plasma levels of LDL cholesterol are
directly related to the incidence of coronary events and
cardiovascular deaths. Elevated concentrations of apoB-
containing lipoproteins, particularly LDL, are associated
with an increased risk of developing atherosclerotic coronary
heart disease (CHD).! Clinical trials using lipid-lowering
drugs have unequivocally shown that lowering plasma LDL
cholesterol results in significant reductions in both morbidity
and mortality from CHD in patients with or without established
CHD.?? Furthermore, plasma LDL cholesterol reduction as
secondary prevention increases survival rates.

Plasma LDL cholesterol concentrations vary over a three-fold
range in the population. It is estimated that up to 50% of the
interindividual variation in plasma LDL cholesterol levels is
due to genetic variation,* and that the major portion of this

various loci. A small percentage of patients with very high or
low plasma LDL cholesterol concentrations have monogenic
forms of hypercholesterolaemia or hypocholesterolaecmia.
This review gives an overview of LDL metabolism, the genes
affecting plasma concentrations of LDL cholesterol, and the
mechanism by which mutations in these genes affect LDL
cholesterol levels.

LDL Metabolism

Lipids are water-insoluble organic molecules, and include
triglycerides, cholesterol and its esters, and phospholipids. As
they are hydrophobic molecules they do not circulate freely in
blood, but instead are transported in plasma in particles called
lipoproteins from their sites of absorption or synthesis to the
peripheral tissues. Lipoproteins are spherical complexes of
lipids, and apoproteins that stabilise the lipid emulsions and
act as ligands for receptor-mediated processes.
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LDL, a cholesterol-rich lipoprotein, is the metabolic product
of VLDL, a triglyceride-rich lipoprotein secreted by the liver.
ApoB-100, the structural backbone of LDL, is essential for the
assembly and secretion of triglyceride-rich lipoproteins. In a
normal individual, LDL contains ~70% of the total plasma
cholesterol. Each LDL particle contains a single molecule of
apoB which cannot be exchanged or lost to other lipoproteins,
and as such, fasting plasma apoB-100 concentrations directly
reflect the number of circulating LDL particles. Like LDL
cholesterol, plasma levels of apoB are directly related to the
incidence of coronary events and cardiovascular deaths.

In the liver, a two-step model for lipoprotein assembly has been
accepted as the mechanism for VLDL production (Figure 1).5
Initially, a lipid-poor apoB is synthesised, followed by the
bulk addition of neutral lipids to its core. The chaperone

microsomal triglyceride transfer protein (MTP) stabilises
the nascent apoB within the cell endoplasmic reticulum,
and facilitates the transfer of lipids from the endoplasmic
reticulum membrane to apoB.¢ A similar process occurs in the
intestine to form triglyceride-rich chylomicrons, containing
apoB-48.7 ApoB-48 is produced from the same gene as apoB-
100, but in the intestine, an mRNA editing process occurs
which results in only the amino-terminal 48% of apoB-100
being produced.?’

In the circulation, VLDL triglyceride is hydrolysed by
lipoprotein lipase on the endothelial surface and the released
free fatty acids are taken up by peripheral tissues. This process
converts VLDL to smaller, denser particles. Some of these
VLDL remnants are cleared from the circulation, while the
remaining particles enter the VLDL—LDL lipolytic cascade.

Figure 1. ApoB-containing lipoprotein production and metabolism. As its synthesis occurs, apoB is directed to the endoplasmic
reticulum (ER) via its signal peptide sequence, and formation of a nascent lipoprotein facilitated by the chaperone MTP.
This is followed by bulk triglyceride (TG) addition to form the lipoprotein (Inset). The intestine secretes apoB-48-containing
chylomicrons (CM), which are metabolised to remnant particles that are subsequently cleared, mediated by apoE, by receptors in
the liver. The liver secretes apoB-100-containing VLDL, and its core triglycerides are hydrolysed by lipoprotein lipase (LPL) to
form IDL, which is further metabolised by hepatic lipase (HL) to form LDL. LDL is cleared mostly by the LDLR, into the liver
or peripheral tissues. HDL facilitates reverse cholesterol transport, the transport of lipids from peripheral tissues to the liver.
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In this pathway, intermediate density lipoprotein (IDL) is
formed by the hydrolysis of core triglyceride by lipases. IDL
is either cleared by the liver (mediated by apoE) or further
metabolised to LDL. Most of the LDL particles are cleared by
the liver via the LDL receptor (LDLR)."” The LDLR pathway
was elucidated by Brown and Goldstein, for which they were
awarded the Nobel Prize in Physiology or Medicine in 1985.
Both apoB-100 and apoE are ligands for LDLR-mediated
uptake, but as LDL contains no apoE, apoB-100 is the sole
ligand for LDL clearance.'!

LDL in the circulation can become modified by oxidation
in the arterial wall, and taken up by macrophages. These
macrophages become cholesterol-loaded ‘foam cells’, and
their accumulation within the vessel wall is an early sign of
atherosclerosis.!? Fatty streaks can develop into a fibrous cap.
This fibrous cap can become unstable, and rupture results in
formation of a thrombus, which can cause further occlusion
at the site of formation or at a distant site, which can result in
myocardial infarction or stroke.

Inherited disorders of lipoprotein metabolism help us to
understand these pathways. Mutations of genes affecting apoB
production and secretion tend to result in reduced circulating
LDL and hypobetalipoproteinacmia, whereas mutations in
genes involved in clearance of LDL by the LDLR tend to result
in increased circulating LDL and hypercholesterolaemia.

Gene Variants Affecting LDL Cholesterol Levels

Table 1 summarises the major genes affecting circulating LDL
cholesterol levels. These range from common variants having
small effects (e.g. apoE), to rare mutations causing hypo- and
hypercholesterolaemia.

APOE

ApoE has an important role in the metabolism of remnant
lipoproteins (chylomicron remnants and IDL) by binding to
the LDLR and LDLR-related protein and mediating clearance
of lipoproteins from the circulation. However, the mechanism
for the association between apoE and atherosclerosis is not
clear. This 299 amino acid protein also plays a role in neuronal
growth and repair, inflammation, and in the immune system
mediating the presentation of serum-borne lipid antigens.!*!*
ApoE and its isoforms have also been implicated in the
pathogenesis of neurological disorders, including multiple
sclerosis and Alzheimer’s disease. "’

There are three common APOE isoforms, named epsilon 2, 3
and 4, differing at two amino acid positions. ApoE2 has two
cysteine residues at positions 112 and 158, whereas E4 has two
arginines and E3 Cys112 and Arg158. E3 is the most common
isoform, with a frequency in Australia of 0.81, followed by E4

(0.13) and E2 (0.06).'® Approximately 10% of inter-individual
variation in total cholesterol concentrations is due to the
apoE polymorphism.!” Historically, apoE phenotyping was
determined by isoelectric focusing, but this has been replaced
by modern genotyping techniques.

E4 carriers have 5% higher plasma LDL cholesterol levels,
and have slightly increased risk for CHD compared to E3
carriers.!* ApoE4 has a high affinity for LDLR compared to
E2 and E3. Particles containing E4 are therefore catabolised
more rapidly than E3, leading to increased hepatic cholesterol
and down-regulation of the LDLR, resulting in increased
plasma LDL cholesterol levels.!” E2 carriers have ~5% lower
plasma LDL cholesterol concentrations and a 20% lower risk
of CHD."® E2 binds LDLR about 1% that of E3, resulting in
delayed clearance of apoE2-carrying lipoproteins, which leads
to up-regulation of the LDLR." Homozygosity for apoE2 is
also associated with familial dysbetalipoproteinaemia (type I11
hyperlipidaemia), a remnant hyperlipidaemia characterised by
elevated plasma triglyceride and cholesterol concentrations.

NPCIL1

The function of NPC1L1 remains to be determined. It plays a
role in intestinal cholesterol transport and, until very recently,
was thought to be the molecular target of the cholesterol
absorption inhibitor ezetimibe.?*?! However, NPCILI is
also expressed in the liver, and a recent study has shown
that NPCIL1 allows the retention of biliary cholesterol by
hepatocytes and that ezetimibe disrupts hepatic NPCILI
function.?

Variants in NPCILI are associated with reduced sterol
absorption and plasma LDL levels.?> Multiple rare variants
of NPCILI were found in low cholesterol absorbers. These
variants were found in 6% of African Americans, and were
associated with lower plasma levels of LDL cholesterol (2.5
vs 2.7 mmol/L).? A possible relationship between NPCILI
variation and ezetimibe response has also been reported.?**

Polygenic, Sporadic and Multifactorial
Hypercholesterolaemia

These terms have been used to describe hypercholesterolacmia
of uncertain aetiology. They may occur in the absence of a
positive family history (sporadic), may be associated with a
familial component of unclear mode of inheritance or may be
interpreted as being the result of the interaction of multiple
genes with a small effect (polygenic). They may also result
from one or more environmental factors (e.g. high saturated
fat/cholesterol diet, obesity, caloric excess, stress, subclinical
hypothyroidism, pregnancy, menopause) interacting (or
otherwise) with a genetic predisposing factor or susceptibility
gene (multifactorial). Polygenic hypercholesterolaemia is
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more common than FH, and importantly, tendon xanthomas
are absent with this disorder.

Monogenic Hypercholesterolaemia

Monogenic hypercholesterolaemia is characterised by high
levels of circulating LDL and reduced clearance of LDL from
plasma by the LDLR pathway, leading to premature CHD.
Inheritance is usually autosomal codominant and commonly
results from defective apoB binding to LDLR (familial ligand-
defective apoB, FDB) or mutations in LDLR FH. In rare
cases mutations in PCSK9 have been identified. Autosomal
recessive hypercholesterolaemia (ARH) is even rarer and is
caused by mutations in the adaptor protein named ARH.

LDLR

The familial clustering of patients showing xanthomas,
premature  coronary artery disease (CAD), and
hypercholesterolaemia was first recognised in the 1930s and
led to the suggestion of a genetic basis for the disorder.?
Khachadurianinthe early 1960s studied Lebanese families with
hypercholesterolaemia and deduced the differences between
heterozygotes and homozygotes, providing the evidence
for a single-gene disorder.”” In 1974, Brown and Goldstein
reported the discovery of the LDLR and demonstrated that
LDLR defects cause FH.?® Since the characterisation of the
LDLR gene in 1985% there have been ~800 known LDLR

mutations identified causing FH.*® The frequency of FH
among Caucasians has been estimated at 1:500, and is
therefore thought to be one of the two most common human
diseases caused by mutations in a single gene, the other
being haemochromatosis.”® FH is more prevalent in certain
populations: 1:100 Afrikaners, 1:170 Christian Lebanese, and
1:270 French Canadians.?

In heterozygous FH, plasma LDL cholesterol concentrations
are typically two to three times normal at 5-11 mmol/L.
Cholesterol deposits around the body, manifesting in the eyes
as corneal arcus and xanthelasma, and tendons, particularly
the Achilles, as xanthomas (Figure 2). These manifestations
are common after age 20 years, followed by the development
of CAD. Estimates suggest that 75% of male heterozygotes
and 45% of female heterozygotes have symptoms of CHD by
the age of 60 years.?® There is little impact on LDL cholesterol
levels in FH heterozygotes by optimising other cardiovascular
risk factors. Instead, lifelong cholesterol-lowering therapy
with agents such as statins and ezetimibe, is recommended,
commencing in children aged over 10 years.’!

Homozygous FH is rare, found in one in a million individuals,
and characterised by large elevations in plasma LDL (in the
order of 15-24 mmol/L) and severe cutaneous and tendinous
xanthomas, with coronary atherosclerosis occurring in

Figure 2. Discrete clinical manifestations of FH. A, Corneal arcus and xanthelasma; B, extensor tendon xanthomas; C and D,

Achilles tendon xanthomas.
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childhood.?® Untreated, FH homozygotes will often die
before reaching age 20 years, and there have been reports
of children as young as 18 months experiencing acute
myocardial infarction. Drug treatments are not as effective in
FH homozygotes compared to heterozygotes. LDL apheresis,
the direct removal of LDL from plasma, performed every
1-2 weeks on a long-term basis, can reduce plasma LDL
cholesterol by ~70%.2¢ Despite LDL apheresis, patients
remain at increased risk for the development and progression
of atherosclerotic CHD. Although liver transplantation offers
the most definitive therapy for homozygous FH, it requires
major surgery and lifelong immunosuppression. FH is a good
candidate disease for liver-targeted gene therapy.

The LDLR protein consists of five domains: ligand-binding,
epidermal growth factor (EGF) precursor homology, O-
linked sugars, membrane-spanning and cytoplasmic domains
(Figure 3).2%3 Mutations causing FH span the entire LDLR
gene, but are most commonly found in the ligand-binding
and the EGF-precursor homology domain. Mutations are
classed into five categories according to their phenotypic
effects on the LDLR protein: defects in synthesis, transport,
binding, internalisation and recycling (Figure 4). Mutations
include nucleotide substitutions (missense and nonsense),
splice site mutations, and small deletions and insertions, and
~10% are large structural rearrangements. These major gene
rearrangements can be readily detected by multiplex ligation-
dependent probe amplification analysis.

Of'the estimated 40,000 cases of FH in Australia, only 20% are
diagnosed and less than 10% are being adequately treated.** An
international initiative, Make Early Diagnosis - Prevent Early
Death (MED-PED), has been established in many countries,
with the goal of identifying individuals with FH and providing
treatment. Other criteria for FH diagnosis, such as the Dutch
Lipid Network criteria** (Table 2) and UK-based Simon
Broome Register Group criteria,* have been established. The
Dutch have been particularly successful, by 2005 identifying
~3000 index cases and over 7000 relatives since the inception
of a national screening program in 1994 3¢

Due to phenotypic heterogeneity, there is a need for accurate
clinical diagnostic criteria for the early diagnosis of FH, if a
genetic diagnosis has not been made. Genetic testing plays
a key role in screening programs for FH which are under
development in many Western countries.” In addition to the
absence or presence of a functional mutation in the LDLR
gene, differences in prognosis due to the type of mutation
could influence commencement of lipid-lowering therapies
in FH.%
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Figure 3. Structure of LDLR protein, related to gene structure.
Exon 1 encodes a signal sequence which is cleaved during
LDLR synthesis. Exons 2-18 encode the mature 839 amino
acid protein, which consists of five domains. Reprinted, with
permission, from the Annual Review of Genetics, Volume 24
©1990 by Annual Reviews www.annualreviews.org.*?
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Figure 4. Classification of LDLR mutations based on
function. These mutations disrupt the synthesis of mature
LDLR, transport to the Golgi complex, binding of apoprotein
ligands, clustering in clathrin-coated pits, and recycling.
Reprinted, with permission, from the Annual Review of
Genetics, Volume 24 ©1990 by Annual Reviews www.
annualreviews.org.>
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Table 2. Dutch Lipid Network clinical criteria for diagnosis of heterozygous familial hypercholesterolaemia.

Criteria Points
1. Family history
A first degree relative with known:
a) Premature* coronary and vascular disease 1
b) Plasma LDL-C concentration >95th percentile for age and sex
i) In an adult relative 1
ii) In a relative <18 years of age 2
¢) Tendon xanthomata or arcus cornealis 2
2. Clinical history
Patient has premature®:
a) Coronary artery disease 2
b) Cerebral or peripheral vascular disease 1
3. Physical examination of the patient
a) Tendon xanthomata 6
b) Arcus cornealis in a patient <45 years of age 4
4. LDL-C levels in patient’s blood (mmol/L)
a) >8.5 8
b) 6.5-8.4 5
) 5.0-6.4 3
d) 4.0-4.9 1
5. DNA analysis showing functional mutation in the LDLR or other FH-related gene 8
Interpretation Diagnosis Total points
Definite FH >8
Probable FH 6-8
Possible FH 3-5

*if male, <55 years; if female, <60 years.
Reprinted with permission from the World Health Organization.**

APOB

Like FH, FDB is characterised by elevated plasma
concentrations of LDL cholesterol and apoB, normal
triglyceride and high density lipoprotein (HDL) cholesterol
levels, the presence of tendon xanthomas, and premature
CAD.**" FDB is caused by mutations in the LDLR-
binding region of apoB, causing defective binding and an
accumulation of LDL in plasma (Figure 5). FDB cannot
be clinically distinguished from heterozygous LDLR-FH,
although the phenotype of FDB can be milder. In general, the
hypercholesterolaemia is less severe and there appears to be a
lower incidence of CAD in FDB compared to LDLR-FH.

Several mutations in the LDLR-binding domain of apoB have
been described that are associated with hypercholesterolaemia
with an autosomal codominant inheritance pattern. The most
common involves the substitution of a glutamine for arginine
at position 3500 and affects about 1 in 500 individuals of
European descent.*** By haplotype analysis, R3500Q is

thought to originate from a single founder living in Europe
7000 years ago.* Another missense mutation at the same
position, where a tryptophan is substituted for arginine
(R3500W), has been found in hyperlipidaemic patients of
Chinese or Malay descent.**¢ Additional rarer mutations in
exon 26 affecting surrounding residues (R3480W, R3480P,
R3500L, R3531C and H3543Y) have been reported.3645474

Determining FDB mutation status is important, as FDB cannot
be clinically distinguished from heterozygous FH without
genetic testing. Genotyping for the R3500Q mutation is
available at many specialist biochemical genetics laboratories.
High resolution melting analysis has recently emerged as
a sensitive method, capable of detecting all known APOB
variants associated with FDB.%

PCSK9

Proprotein convertase subtilisin kexin type 9 (PCSKD9),
originally named neural apoptosis regulated convertase
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Figure 5. Model for the mechanism of FDB. Normally, the LDLR-binding region of apoB (site B) is available to interact with
the LDLR; the interaction between arginine R3500 and tryptophan W4369 being particularly important (left). In FDB, mutations
such as R3500Q alter the conformation of the C-terminal region of apoB, leading to occlusion of site B (centre). This model is
supported by the finding that mutation of W4369 also disrupts LDLR binding (right). Excerpt reprinted with permission, from the
Journal of Biological Chemistry, 276 © 2001 by The American Society for Biochemistry and Molecular Biology, Inc.**

1 (NARC-1), is a serine protease expressed in the body’s
two main sites for lipoprotein metabolism: the liver and
small intestine.’! Proprotein convertases are enzymes that
cleave precursor proteins into their active forms. Linkage to
chromosome 1p32, a locus containing the PCSK9 gene, was
demonstrated in FH families not carrying LDLR or APOB
mutations, and the subsequent discovery of PCSKY missense
mutations in two such families confirmed its importance in
cholesterol metabolism, as the third gene responsible for
dominant FH.*

FH-causing mutations result in ‘gain-of-function’ and reduce
the number of LDLRs on the cell surface and the amount of
LDL they internalise.® The frequency of PCSK9 mutations
causing FH is unknown. Several PCSK9 mutations causing
FH have been reported, including S127R, D129G, F216L
and D374Y3%%% Other mutations, N425S and R496W, have
so far only been identified in families who also carry LDLR
mutations.*® Individuals who are heterozygous for LDLR
and PCSKY9 mutations have ~50% higher plasma LDL
cholesterol concentrations. Other mutations are associated
with hypocholesterolaemia (Figure 6).

Recent studies have elucidated the function of PCSKO. It is
secreted into plasma and binds directly to cell-surface LDLR,
leading to endocytosis and intracellular degradation of the
LDLR.5%8 PCSK9 has also been shown to induce degradation
of the VLDL receptor (VLDLR) and apoE receptor 2
(APOER?2), the closest family members of the LDLR.¥
Serum concentrations of PCSK9 directly correlate with

18 | Clin Biochem Rev Vol 29 February 2008

plasma cholesterol and LDL cholesterol levels.®® However,
PCSK9 does not need to be secreted to have its effect on
LDLR degradation. Cellular studies of two nonsecreted
PCSK9 mutants causing FH, S127R and D129G, were shown
to reduce LDLR expression.®!

ARH

In very rare cases (<1:10 million) hypercholesterolaemia is
inherited as an autosomal recessive trait.®> Although ARH
was first described over 30 years ago,* it was not until 2001
that mutations in adaptor protein ARH on chromosome 15
were identified as the cause.® In affected subjects the LDLR
is normal but accumulates at the cell surface, unable to be
internalised. ARH interacts with the cytoplasmic tail of the
LDLR and promotes LDLR clustering into clathrin coated
pits.®

ARH presents with a clinical phenotype similar to homozygous
FH, but is generally less severe and more responsive to lipid-
lowering therapy.®® It is also more variable in presentation;
ARH individuals have been diagnosed between ages 1 to 46
years and have total cholesterol from 9.6 to 27.1 mmol/L.%’
In addition, most patients manifest large, bulky xanthomas
from early childhood. ARH is more responsive to statins
compared to homozygous FH, and this could be related to
the observation that the LDLR pathway functions normally
in cultured skin fibroblasts from ARH patients. This would
allow increased removal of plasma LDL from extrahepatic
tissues, and may also be related to the accelerated presence
of xanthomas. Another adaptor protein Disabled-2 (Dab2)
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Figure 6. PCSK9 and mutations associated with increased and decreased concentrations of LDL cholesterol. PCSK9 has a 30

amino acid signal sequence (SS), followed by a prodomain (Pro), catalytic domain and C-terminal domain. Reprinted from Trends
in Biochemical Sciences, 32, Horton JD, Cohen, JC, Hobbs HH, Molecular biology of PCSKO9: its role in LDL metabolism, 71-7,

Copyright 2007, with permission from Elsevier.**

has recently been shown to mediate LDLR synthesis in skin
fibroblasts from ARH patients.%®

Monogenic Hypocholesterolaemia
Hypobetalipoproteinaemia is characterised by <5" percentile
levels of plasma LDL cholesterol and apoB for age and sex,
usually LDL cholesterol <1.8 mmol/L and apoB <0.5 g/L.
Secondary causes of hypobetalipoproteinaemia include vegan
diet, malnutrition, malabsorption, cachexia, hyperthyroidism,
severe liver disease. Primary causes of hypobetalipoproteinaemia
include FHBL, abetalipoproteinaemia (ABL), and chylomicron
retention disease. Chylomicron retention disease, as the name
suggests, relates to an inability of the gut to secrete chylomicrons,
and as it is not a disorder of LDL metabolism, will not be
discussed further in this review. More recently, nonsense variants
in PCSKY have been associated with hypocholesterolaemia.

APOB

FHBL is an autosomal codominant disorder of LDL deficiency,
and is one of few monogenic disorders associated with
protection against atherosclerosis. Characterised by plasma
LDL and apoB concentrations <5™ percentile for age and sex,
it has a prevalence of ~1:3000.%

FHBL is caused by mutations in the APOB gene. FHBL
heterozygotes are usually asymptomatic, and their low
circulating plasma LDL concentrations, by reducing their
cardiovascular disease risk, are thought to increase their
lifespan by 10 years on average.”” FHBL heterozygotes were
shown to have decreased arterial wall stiffness, indicative
of cardiovascular protection.”’ Emerging evidence suggests

that FHBL subjects that are heterozygous for APOB mutations
are at increased risk of developing fatty liver, and/or insulin
resistance.”” Increased concentrations of serum liver enzymes
ALT, AST and GGT are also observed in FHBL subjects
compared to their unaffected relatives. Clinical manifestations
in FHBL homozygotes vary, from no symptoms to severe
gastrointestinal and neurological dysfunction, similarto thatseen
in ABL. This variation could relate to the severity of the APOB
mutation(s) present, as well as other genetic or environmental
factors. Acanthocytes are also observed in homozygous and
occasionally in heterozygous FHBL (Figure 7).

About 60 mutations have been reported to date in APOB
causing FHBL, most of which result in a truncated apoB
molecule. ApoB truncations larger than apoB-29 (i.e. 29% of
full-length apoB-100) can be detected in plasma by Western
blotting, giving an indication of the target region of the
APOB gene that needs to be sequenced in order to identify
the mutation. However, truncations shorter than apoB-29 are
not detectable in plasma and can only be identified by DNA
sequencing. These very short apoBs appear to be unable to
acquire sufficient lipid, which leads to their intracellular
degradation rather than secretion.”

Stable isotope tracer methodology has been used in FHBL
subjects to study the in vivo kinetics of apoB.” The secretion
rate of apoB species was found to be linked to the degree
of truncation, equating to a 1.4% reduction in secretion for
each 1% of apoB truncated.”® In addition, clearance of the
truncated species apoB-75 and apoB-89, which contain the
LDLR-binding domain, is faster than clearance of normal
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Figure 7. Acanthocytosis in hypocholesterolaemia. A, Blood film from a normal subject; B, apoB-40.3 FHBL heterozygote; C,

apoB-6.9 FHBL heterozygote; and D, subject with ABL.

apoB-100.7""® Based on the ‘ribbon and bow’ model of apoB
structure on LDL particles (Figure 5), the absence of the
carboxyl terminus of apoB-100 would result in enhanced
receptor binding.*’

We have used oral fat tolerance tests to study postprandial
lipoprotein metabolism in FHBL heterozygotes with apoB
truncations shorter than apoB-48.” After baseline blood
samples are taken following a 12 hour fast, subjects are given
a fat load in the form of a milkshake, along with some vitamin
A (retinol), and blood samples are taken 2-hourly over 10
hours. The retinol is used as a marker for chylomicron lipids,
and we measured apoB-48 as an indicator of chylomicron
and remnant particle number. By using a multicompartmental
modelling approach, our results suggest that these FHBL
subjects have reduced production of chylomicrons rather than
increased clearance.

Our studies have discovered the first two missense mutations,
L343V and R463W, in apoB causing FHBL.**®' The N-
terminal Bal domain of apoB contains sequence elements
that are important for interaction with its chaperone MTP
and therefore triglyceride-rich lipoprotein assembly. This
domain was sequenced in FHBL subjects in whom a truncated
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apoB was not detected by Western blotting. R463W and
L343V were identified in large families with n=14 and n=10
heterozygous FHBL subjects respectively.’¥! The R463W
kindred is of Christian Lebanese background and also
includes two homozygous individuals who were the result
of consanguineous unions. Both L343V and R463W occur
within the putative MTP-binding region of apoB and track
with the low-cholesterol phenotype within each family. L343
and R463 are also conserved among other mammalian species,
further indicating the importance of these residues.

In vitro studies showed that the L343V and R463W mutations
impaired secretion of apoB-100 and VLDL.}' Decreased
secretion of mutant apoB-100 was also associated with
increased endoplasmic reticulum retention and increased
binding to MTP and BiP, a general molecular chaperone.
Biochemical and biophysical analyses of apoB domain
constructs showed that L343V and R463W altered folding of
the alpha-helical domain within the N-terminus of apoB.

MTP

ABL, also known as Bassen-Kornzweig syndrome, is an
extremely rare autosomal recessive disorder characterised by
the absence of apoB containing lipoproteins in plasma.’?%3
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Patients with ABL show a range of clinical symptoms similar
to homozygous FHBL, and often present in childhood
with failure to thrive, fat malabsorption (steatorrhoea), and
low plasma cholesterol and vitamin E levels. Symptoms
can progress to include atypical retinitis pigmentosa and
progressive spinocerebellar degeneration. Liver biopsies in
ABL patients have shown steatosis, which may or may not
be reflected in raised serum transaminases.®> ABL is caused
by mutations in the MTP gene, and is distinguished from
homozygous FHBL by the inheritance pattern; in ABL the
parents will have normal lipids.

The human MTP gene is located on chromosome 4q22-24 and
encodes the 894 amino acid MTP. MTP forms a heterodimer
with the ubiquitous endoplasmic reticulum enzyme protein
disulfide isomerase (PDI), and acts as a chaperone to facilitate
apoB assembly into lipoproteins. MTP’s involvement in ABL
was first reported in 1992, when MTP activity was not detected
in intestinal biopsies of ABL subjects,* and in the following
year mutations in MTP causing ABL were described.®3¢
About 30 ABL mutations occurring throughout the MTP gene
have been described, including missense mutations R540H,
G746E, and N780Y.8-* MTP missense mutations affect either
the PDI- or apoB-binding ability of MTP, or defective lipid
transfer activity onto apoB, resulting in reduced secretion of
apoB-containing lipoproteins.

Vitamin E, transported in plasma in association with the apoB-
containing lipoproteins, is essential for neurological function.
In ABL and homozygous FHBL, concentrations of the other
fat-soluble vitamins (A, D and K) are reduced but, as they
have alternate transport mechanisms, not to the same extent
as vitamin E. High-dose vitamin E in ABL is recommended to
inhibit progression of neurologic symptoms.***? In the absence

ofthe apoB-containing lipoproteins vitamin E can be packaged
into HDL. Supplementation with a combination of vitamins E
and A has been shown to be effective in reducing, but not
preventing, retinal degeneration.” Recently, it was found that
the human retina expresses MTP and apoB, suggesting that
apoB-containing lipoprotein assembly is an important retinal
function.”® Therefore, retinopathy in ABL could be due to
defective MTP rather than vitamin E deficiency.

PCSK9

As described above, ‘gain-of-function’ missense mutations
in PCSK9 cause hypercholesterolaemia. Other missense
mutations are associated with lower cholesterol levels and
possibly increased response to statin therapy.”> Two ‘loss-
of-function’ nonsense variations, Y142X and C679X, were
described in 2005, which occurred at a combined frequency of
2% in African Americans and reduced plasma LDL cholesterol
by 40%.” A reduction in PCSK9 activity would mean fewer
LDLRs degraded, allowing more LDL particles to be cleared
and a reduction in plasma LDL.

We genotyped for PCSK9 nonsense variants in a southern
African population consisting of 653 young black females
attending antenatal clinics in Zimbabwe.** We did not find
Y 142X, suggesting a founder effect in the African American
population. C679X occurred in 3.7% of subjects and was
associated with a 27% reduction in plasma LDL cholesterol
(1.6 = 0.3 mmol/L vs 2.2 + 0.7 mmol/L in non-carriers) (Figure 8).
We also described the first homozygote for C679X, with
the lowest LDL cholesterol of the studied population, at 04
mmol/L. This plasma LDL cholesterol concentration is
comparable to that found in heterozygous FHBL, which suggests
that homozygosity for PCSK9 nonsense mutations should be
considered as a cause for severe hypocholesterolaemia.

mCE7IX moontrol
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Figure 8. Plasma LDL cholesterol distributions in control subjects and subjects carrying the nonsense mutation of PCSKY,
C679X. C679X was present in 24 out of 653 screened subjects, and associated with a 27% reduction in LDL. Reprinted from
Atherosclerosis, 193, Hooper AJ, Marais AD, Tanyanyiwa DM, Burnett JR, The C679X mutation in PCSK?9 is present and lowers
blood cholesterol in a Southern African population, 445-8, Copyright 2007, with permission from Elsevier.**
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PCSK9 mutations are interesting in that they illustrate the
concept that time and not just LDL lowering plays an important
role in the development of CHD.? A2 mmol/L decrease in LDL
by statin treatment for five years only decreases the incidence
of CHD by 40%. In contrast, PCSK9 nonsense mutation
carriers have a 1 mmol/L reduction in plasma LDL cholesterol
compared to non-carriers, but this is over a lifetime. A large
study including 3363 African American subjects showed an
88% reduction in CHD risk in PCSK9 mutation carriers.”
Moreover, the only PCSK9 nonsense mutation carrier who
developed CHD was obese, smoked, had hypertension with a
family history of CHD, and died at age 68 years.

Conclusions

Heritable variation in plasma LDL cholesterol is conferred by
sequence variation in various loci, with a small number of
common and multiple rare gene variants contributing to the
phenotype. Analysis of naturally occurring rare gene variants
has been useful in identifying important domains governing
the assembly and secretion of lipoproteins into plasma, and
their metabolism and clearance.
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