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Abstract This review integrates historical biochemical and
modern genetic findings that underpin our understanding
of the low-density lipoprotein (LDL) dyslipidemias that bear
on human disease. These range from life-threatening condi-
tions of infancy through severe coronary heart disease of
young adulthood, to indolent disorders of middle- and old-
age. We particularly focus on the biological aspects of those
gene mutations and variants that impact on sterol absorp-
tion and hepatobiliary excretion via specific membrane
transporter systems (NPCIL1, ABCG5/8); the incorporation
of dietary sterols (MTP) and of de novo synthesized lipids
(HMGCR, TRIBI) into apoB-containing lipoproteins (APOB)
and their release into the circulation (ANGPTL3, SARA2,
SORTI); and receptor-mediated uptake of LDL and of intes-
tinal and hepatic-derived lipoprotein remnants (LDLR,
APOB, APOE, LDLRAPI, PCSKY9, IDOL).HE The insights
gained from integrating the wealth of genetic data with bio-
logical processes have important implications for the clas-
sification of clinical and presymptomatic diagnoses of
traditional LDL dyslipidemias, sitosterolemia, and newly
emerging phenotypes, as well as their management through
both nutritional and pharmaceutical means.—Calandra, S.,
P. Tarugi, H. E. Speedy, A. F. Dean, S. Bertolini, and C. C.
Shoulders. Mechanisms and genetic determinants regulat-
ing sterol absorption, circulating LDL levels, and sterol
elimination: implications for classification and disease risk.
J- Lipid Res. 2011. 52: 1885-1926.
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INTRODUCTION

This review covers the dietary and biochemical origins
and fates of key classes of sterol molecules in humans,
namely, cholesterol and the relatively under-recognized
and often unappreciated noncholesterol sterols and
stanols; the intra- and intercellular systems that govern
their transport; and the contribution of innate genetic
programs to the biochemically observed levels of plasma
LDL-cholesterol (LDL-C). The reasons for these foci are
both biological and medical. The former is the burgeon-
ing knowledge of the normal physiological roles that cho-
lesterol performs within cell membranes in supporting
receptor-mediated signaling activities (1-4), the move-
ment of diverse molecules through different membrane-
bound compartments (5-8), and multiple other cell
functions (9-11), including myelination (12). The latter,
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medical rationale is itself duplex: to raise awareness of sev-
eral newly recognized, genetically determined lipid meta-
bolic phenotypes/disorders and how they are identified in
the clinical setting; and, in the light of these and other
better-known genetic disorders, to argue the case for re-
placing the traditional, but now 45-year-old, Fredrickson
and Lees, essentially phenotypic, classification of hyper-
lipidemia (13) with one rising from biological and genetic
foundations. Toward this end, we provide a commentary
for the biological bases of the effects of gene variants on
LDL, sterol disorders, and subclinical phenotypes, other
than those of primary cholesterol biosynthesis (14) and
the egress of cholesterol (and other lipids) from late endo-
somes and lysosomes to other cellular compartments
(15-17).

On the basis of the results from recent genome-wide as-
sociation studies (GWAS), we primarily focus on sterol ab-
sorption and hepatobiliary cholesterol efflux (Figs. 1, 2);
the incorporation of cholesterol and other lipid moieties,
including noncholesterol sterols (18-22) into apolipopro-
tein (apo)B-containing lipoproteins for their transport to dis-
tant sites; and receptor-mediated uptake of apoB-containing
lipoproteins, especially LDL. Implicit in this approach is
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the view that the pathological consequences of deranged
LDL levels can arise from the type, properties, and amounts
of individual lipid classes conveyed by LDL particles
(21-24).

NEW INSIGHTS INTO STEROL ABSORPTION AND
HEPATOBILIARY SECRETION

Humans exhibits net selective absorption of dietary
cholesterol over its biochemical look-alikes, the noncho-
lesterol sterols (e.g., sitosterol) and stanols (e.g., ba-
sitostanol), for example, ~50% of dietary cholesterol
versus <6% noncholesterol sterols and ba-stanols (20, 25,
26). In recent years, two fundamental discoveries have
provided an unexpected explanation for this phenome-
non, thereby considerably expanding our knowledge of
how the membrane transport systems employed by entero-
cytes and, it turns out, the hepatobiliary system bring about
net selective absorption of cholesterol (Figs. 1, 2). The
new players on the block to be considered are Niemann-
Pick C1 like-1 protein (NPC1L1), the major, and relatively
unselective inward transporter of all three sterol lipid
classes and vitamin E (27), and ABCG5 and ABCGS, the
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Simplified view of enterohepatic sterol metabolism intestinal uptake of sterols, including cholesterol (CH), phytosterols (P),

stanols (S), and fat-soluble vitamins (not shown for clarity), into enterocytes is facilitated by the unidirectional NPCILI transporter, a pro-
cess blocked by ezetimibe (EZ). Net sterol absorption is increased by recessive mutations of either ABCG5 or ABCGS, which encodes the
ATP-binding cassette transporters G5 and 8, which preferentially efflux S and P back into the intestinal lumen. A proportion of enterocyte
CH and esterified CH (not shown) is packaged into chylomicrons (CM) and released into lymph. In hepatocytes, ABC transporters pump
sterols (ABCG5/8), bile acids (ABCB11), and phospholipids (ABCB4, not shown) into biliary canaliculi. Effluxed CH can be recaptured
by NPC1L1 and reabsorbed. Mixed micelles formed in biliary canaliculi from phospholipids, cholesterol, and bile acids are stored in the
gall bladder until their release is stimulated. Noncholesterol sterols reduce the incorporation of cholesterol into mixed micelles (350),
thereby reducing cholesterol uptake by the NPCIL1-mediated process (351, 352). The majority of bile acids are recovered by the ileum.
Emerging data (not shown for clarity) indicate that the ABCG5/8 transporter may also facilitate noncholesterol sterol stimulation of intes-
tinal cholesterol excretion through a nonbiliary route (353, 354) Cholesterol 7o-hydroxylase (CYP7AL1) initiates the classic bile acid syn-

thetic pathway to replace those eliminated in feces.
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Fig. 2. Proposed membrane topology of NPC1L1 and a model of cholesterol-regulated trafficking of NPCIL1 to and from the plasma
membrane. The crystal structure of the N-terminal domain of NPCILI (amino acids 22-265, denoted by gray ball) reveals a fold almost
identical to that formed by the homologous NPC1 region (355). However, in marked contrast to NPCl1, its cholesterol-binding pocket
(indicated with circle) is closed to solvent, suggesting a gating mechanism whereby multiple movements around the entrance to the
NPCILI pocket are required to promote the expansion of its entrance and subsequent entry of a cholesterol molecule. The binding pocket
is larger than that found in NPCI, allowing for broader substrate specificity, in particular for sterols with substitutions at C4 (e.g., lanos-
terol). The ethyl group at C24 on B-sitosterol may result in an unfavorable steric clash, consistent with in vitro assays: specifically, B-sitosterol
competed poorly with cholesterol for binding to the isolated N-terminal NPCIL1 domain (355). Classification of the molecular mecha-
nisms by which nonsynonymous coding variants may decrease NPC1L1-mediated cholesterol/nonsterol cholesterol uptake is based on the
data of Wang et al. (51). N132S, R417W (extracellular loop 1), G434R (extracellular loop 1), and T499M (extracellular loop 1) variants,
which reside in predicted N-linked glycosylation sites, are retained in the ER. The L110F variant resides close to the entrance of the
NPCI1LI cholesterol (noncholesterol sterol?) binding pocket (355). Sixteen highly conserved amino acid residues line the binding pocket.
No variants of these amino acids have been identified. Additionally, no splice site mutations and only one C-terminal truncating mutation
(R1014X, transmembrane helix 9) have been identified. The membrane orientations of the two large luminal loops (amino acids 369-633;
861-1112) are deduced from protease protection and immunofluorescence studies performed on selectively permeabilized cells (356). Two
putative YXX@ motifs (YmQ_RL and Y?°APF, blue arrows) may interact with the w subunit of AP-2 and facilitate clathrin-mediated endocy-
tosis (357). Ezetimibe (indicated by a bar) binds to a site (amino acids 510-571) distinct from that of cholesterol (358). For clarity, only the
most mechanistically informative NS coding variants found in “low cholesterol absorbers” (47) are shown. ERAD, ER-associated degrada-
tion; PM, plasma membrane; SSD, sterol sensing domain.

two halves of an ATP-binding cassette (ABC) transporter,
which preferentially ejects ba-stanols and noncholesterol
sterols from enterocytes (28-30) and the hepatobiliary sys-
tem (30, 31) into the bowel and bile, respectively. Addi-
tionally, a synopsis on the newly described association
between the CYP7AI locus and LDL-C levels is provided
(32), given the central role of cholesterol-7a-hydroxylase
in both cholesterol catabolism and bile acid production

(Fig. 1).

Sterol absorption functions of NPCIL1

NPCIL1 was identified through studies probing the
mechanism by which ezetimibe impairs intestinal choles-
terol absorption (33). NPCILI was found to be highly ex-
pressed in the jejunum (but not in other tissues of the
mouse) and to have the hallmarks of a plasma membrane
transporter, including a signal peptide, predicted trans-
membrane and sterol sensing domains, and multiple N-
linked glycosylation sites within its extracellular loops (Fig.
2). Moreover, NPCI1LI-deficient mice displayed >70% re-
duction in net intestinal cholesterol adsorption, and the
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residual low level of cholesterol absorption could not be
blocked by ezetimibe. In humans, NPCI1LI is not only lo-
calized to the brush border of enterocytes (33, 34) where
it acts as a unidirectional transporter of cholesterol and
noncholesterol sterols into these absorptive cells (35),
but it also resides on the apical (biliary canalicular) mem-
branes of hepatocytes where it retrieves biliary choles-
terol for its transport back into these cells (18, 35),
presumably to inhibit excessive biliary cholesterol loss
(Fig. 1).

In humans, the effects of ezetimibe on sterol metabo-
lism and LDL-C levels are well documented (36-40). For
example, when von Bergman and colleagues (36-39) ex-
amined its effects (10 mg/d, two-week treatment period,
two-week washout period) on several metabolic indices in
a placebo-controlled, cross-over study involving 18 men
(mean age, 25.8 years; BMI, 25.5kg/m2) with mild to mod-
erate hypercholesterolemia (LDL-C 130-180 mg/dl), they
found that ezetimibe decreased fractional cholesterol ab-
sorption rates on average by >50% (ezetimibe 22.7 + 25.8%;
placebo 49.8 + 13.8%); plasma total- and LDL-cholesterol
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levels by 15.1 and 20.4%, respectively; and campesterol
and sitosterol by 48% and 41%, respectively. Accompany-
ing these decreases were significant rises in de novo cho-
lesterol synthesis (89%, primarily hepatic) and fecal
excretion of neutral sterols (72%). Moreover, in a simi-
larly designed study involving strict vegetarians whose di-
etary cholesterol intake was low (29.4 + 16.8 and 31.4 +
14.4 mg/day during the placebo and ezetimibe phases, re-
spectively), ezetimibe decreased mean fractional choles-
terol absorption by 58% (placebo 48.2 + 8.2%; ezetimibe
20.2 + 6.2%, P< 0.001). This was paired with increased fe-
cal excretion of neutral (81%, P< 0.001) and acidic (35%,
P=0.052) sterols, plus de novo cholesterol synthesis (72%,
P <0.001) (41). By contrast, total plasma cholesterol and
LDL-C levels were decreased (9.9 and 17.3%, both P <
0.001), suggesting the cholesterol-lowering effect of
ezetimibe, at least in vegetarians, is mediated largely
through inhibiting endogenous (biliary) cholesterol ab-
sorption (Fig. 1).

The most direct evidence that NPCIL1 is a relatively
nonselective transporter of sterols derives from studies
Ferformed in mice (42, 43). Thus, in NPCILI”" mice
"% cholesterol and "sitosterol uptake into the proximal
third of the small intestine were reduced to similar de-
grees: 64 and 52%, respectively, compared with control
animals (42). This was accompanied by a ~4-fold increase
in intestinal cholesterol synthesis and elevated intestinal
HMG-CoA reductase (HMGCR) mRNA levels but no change
in ABCG5 and ABCGS mRNA (Fig. 1). In ABCG5/8-defi-
cient mice, NPCILI deficiency largely prevented the ac-
cumulation of phytosterols that normally occurs in these
animals (43), as well as in ABCG5”~ (29) and ABCGS™~
(30) only mice.

NPCILI genetic determinants affect circulating sterol and
LDL-C levels

Consistent with the high heritability figures for the oth-
erwise very variable population values of cholesterol (20,
44), campesterol, and (B-sitosterol absorption rates (45,
46), genetic studies have unearthed robust associations be-
tween NPCILI variants, surrogate markers of sterol ab-
sorption efficiency and LDL-C levels (47, 48) (Table 1) .

Rare NPCIL1 wvariants. Cohen et al. (47), sequenced
the coding regions of NPCILI in 256 individuals from the
Dallas Heart Study (population-based sample of Dallas
County residents, comprising 1,043 whites, 1,832 African
Americans, and 601 Hispanics) who had the highest (n =
128) and lowest (n = 128) campesterol:lathosterol (Ca:L)
ratios. The rationale was that this ratio serves as a good
marker for rates of intestinal cholesterol absorption (20,
49). Thirteen nonsynonymous (NS) coding sequence vari-
ants were identified in both the “high” and “low” choles-
terol-absorber groups compared with five and 19 such
variants present only in the “high” and “low” cholesterol-
absorbing groups, respectively. The cumulative frequency
of the 19 NS alleles (plus one nonsense mutation) in the
“low” cholesterol-absorbing group was higher than in the
“high” cholesterol-absorbing group (26/256 alleles com-
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pared with 5/256 alleles, P< 0.001). In the African-Ameri-
can contingent, the 20 variants reached an appreciable
frequency: 6.2% compared with 1.8% and 1.7% in the
whites and Hispanics, respectively. Moreover, in this sub-
population, this group of alleles was associated with a lower
mean plasma Ca:L ratio (1.7 + 1.2 versus 2.2 + 2.4, P =
0.005) and LDL-C values (96 + 36 mg/dl versus 105 + 37
mg/dl, P=0.005). Consistent with estimated rates of cho-
lesterol absorption, stable isotope methodology confirmed
that two NS variants (no others tested) were indeed associ-
ated with lower net cholesterol absorption in two pedi-
grees, one with the 1647N variant (n = 37 family members)
and the other with the R693C allele (n = 16) (50).

Crucially, functional data now corroborate the genetic
evidence that the 20 rare NPCILI alleles found solely in
the “low” cholesterol absorption group impair NPCI1L1-
mediated cholesterol uptake (50, 51). Implicated mech-
anisms include defective glycosylation (e.g., N132S),
aberrant folding (e.g., S620C), enhanced degradation
through the endoplasmic reticulum (ER)-associated pro-
tein degradation pathway (e.g., S881L), impaired trans-
port to the plasma membrane (e.g., A395V), decreased
cholesterol-binding (e.g., L110F), as well as perturbed re-
cycling of NPCILI to the plasma membrane in response
to low cellular/ER-cholesterol concentrations (Fig. 2). As
such, the experimental approach of resequencing genes
in individuals at the extreme of the population distribu-
tion to identify putative causal variants has amply borne
fruit. However, whether NPCILI null alleles exist in “low”
cholesterol absorbers or, conversely, gain-of-function vari-
ants increase cholesterol/non-cholesterol sterol uptake
remains to be established. Additionally, further investiga-
tions are required to explain the rather surprising in vitro
finding, given the in vivo data (42, 43), that only choles-
terol (ergosterol, B-sitosterol, campesterol, stigmasterol,
and brassicasterol tested) had a significant capacity to in-
ternalize NPCI1L1 via clathrin/AP2-mediated endocytosis
(52).

Common NPCI1L1 variants. Table 1 summarizes the as-
sociations between relatively common NPCILI variants
and LDL-C levels (48, 53, 54). In the PROSPER cohort,
homozygotes with the rare allele at the c.-18C>A locus had
significantly higher (albeit modest) LDL-C levels than co-
hort members who had two copies of the common allele,
while the heterozygote individuals had intermediate levels
(48). Supporting this association, CHD death and nonfa-
tal myocardial infarction (MI) during the 3.2 year follow-
up period were more common in the rare allele carriers.
However, whether this association is attributable to the
causative NPCILI allele(s) merely enhancing cholesterol
uptake remains an open question. LDL particles are major
carriers of phytosterols (21), lathosterol (21), sphingomy-
elin, and ceramide (22), none of which was analyzed in
the patient cohort.

Table 1 also shows the ezetimibe (10 mg/day for 6
weeks) add-on to statin (any dose, any brand) for effective-
ness trial (EASE) found association between the rare allele
at the c.-18C>A locus and LDL-C lowering response (53),
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< é complementing the PROSPER study. However, neither
S %g & 5 study performed functional analyses to address whether
2 ‘f o2 = = % the observed effects were attributable to the c.-18A allele,
= ol x 8 3} . . . oy e
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receiving the same cholesterol-enriched diet. Although
these results support the premise that human NPCILI
variants could modulate LDL-C levels by directly affecting
NPCILI transcript numbers, their translatability, or both,
other data reveal a disconnect between determinants of
NPCILI gene expression (55, 56) and NPCI1L1 protein lev-
els (57). Thus, in a crossover study involving 22 men with
modestly raised LDL-C (i.e., >50" percentile value for
their age (38.1 = 9.8 years), it was found that atorvastatin
(12 weeks, 40 mg/day or placebo) increased intestinal
NPCILI expression by 18.7% (P=0.03), as judged by RNA
concentrations in duodenum biopsy samples. However,
the atorvastatin-induced increases in NPCILI transcript
numbers were not correlated with changes in NPCI1L1
protein values (average increase 33.5% [not significant]).
Notwithstanding, plasma levels of sitosterol and campes-
terol, two surrogate markers of intestinal cholesterol ab-
sorption, were markedly increased (69.7% and 64.7%,
respectively; both P < 0.0001), as were intestinal RNA lev-
els of HMGCR (59%), LDL receptor (LDLR) (52%, Fig. 4)
and proprotein convertase subtilisin-like/kexin type 9 (PCSK9)
(187%, Fig. 4). As such, it would be interesting to establish
the nature of the molecular events mediating the atorvas-
tatin-induced increases in intestinal NPCIL1 and HMGCR
expression, as well as how these relate to cholesterol/ste-
rol concentrations in human enterocytes and the cellular
distribution of the NPCIL1 protein (Fig. 2).

Efflux functions of ABCG5/8

The ABCG5/8 locus became the focus of attention when
two groups (58, 59) showed that mutations in either
ABCG5 or ABCGS cause the rare recessive disorder sito-
sterolemia (SSL) [OMIM #210250]. Subsequently, it was
shown that ABCG5 and ABCGS8 were required to form a
heterodimer in the endoplasmic reticulum (ER) to reach
the surfaces of cultured cells and mouse hepatocytes (60).
Moreover, ABCG) and its obligate partner ABCGS require
bile salt micelles to mediate cholesterol efflux from do
gall-bladder epithelial cells (61). The study of ABCG5™~
(29) and ABCGS8”~ (30) only mice further confirmed
that null alleles of either gene are sufficient to cause
sitosterolemia.

Understanding the efflux functions of the ABCG5/8
heterodimer requires consideration of its cellular expres-
sion pattern and the biochemical milieu to which such
cells are exposed (Fig. 1). Northern blotting showed that
gene expression is largely confined to human small intes-
tine and liver (58) and that immunocytochemistry resolves
the specific cellular and subcellular distribution of the cor-
responding protein within these organs. ABCG5 and
ABCGS are restricted to small intestinal enterocytes, hepa-
tocytes, and biliary epithelium (two organs but three dis-
tinct cell-types) in both mouse (60) and human (62). More
specifically, mouse small intestinal enterocytes express
ABCGbH (ABCGS8 not studied) on their absorptive brush
border, as well as in a cytoplasmic punctuate fashion (60).
Human enterocytes exhibit the same apical staining for
ABCGbH and ABCGS, although the former has an addi-
tional diffuse cytoplasmic component (62).

Biological and genetic classification of LDL dyslipidemias

In mouse hepatobiliary tissues, data on cellular expres-
sion patterns of ABCGb and ABCGS8 protein remain in-
complete. By immunofluorescence microscopy, native
ABCGb) protein epitopes are certainly expressed on the
hepatocyte apical (i.e., biliary canalicular) membranes.
However, the argument for ABCGS8 hepatocytic colocaliza-
tion is based upon visualization of specific epitopes in a
transgenic strain expressing 14 copies of human ABCG5
and ABCGS. Issues of biliary ductal expression were not
addressed (60). In man, immunocytochemical data on he-
patobiliary cellular expression patterns of the two trans-
porters are more comprehensive and comprehensible,
largely tallying with mouse findings. Thus, both proteins
could be identified in hepatocytes framing biliary canali-
culi cells, with ABCGb dominating and displaying a more
restricted apical distribution, whereas ABCG8 was ex-
pressed on the plasma membrane generally and probably
intracellular membrane systems as well. Bile ductular and
gall bladder epithelia both immunocytochemically ex-
pressed ABCGH and ABCGS8 (62). Cell culture and deriva-
tive cDNA studies provide further evidence of distinct
biliary epithelial and hepatocytic expression (60, 63).

Kinetic studies performed on sitosterolemia patients
and their parents (25, 26, 64, 65) and, more recently, mice
(31, 66) have helped adduce the sterol efflux functions of
ABCGb/8. For instance, in an early study, Salen and col-
leagues (26) measured weekly, over a 10-week period, ste-
rol absorption and turnover rates in a 28-year-old female
sitosterolemic patient and her obligate heterozygote par-
ents, all of whom received control diets containing ~500
mg/day cholesterol and 100 mg/day sitosterol. Both the
patient and her parents absorbed more cholesterol (pa-
tient, mother, father, and controls, respectively, 62 + 7.6%,
59 +6.7%, 84 + 9%, and 48 + 4%) and sitosterol (34 + 6%,
15 +10%, 17 £ 8%, and 5 + 4%) than control participants,
but despite these increases, only the proband displayed
notably increased plasma cholesterol (233 + 12, 210 + 26,
194 + 14, and 185 + 6 mg/dl), sitosterol (21.0 £+ 2.0, 0.95 =
0.17, 0.36 + 0.09, and 0.22 + 0.20 mg/dl) and apoB (131,
77,72, and 69 mg/dl) levels. Thus, while both parents dis-
played near-normal capacities to eliminate sterols, espe-
cially noncholesterol sterols, from their bodies, their
sitosterolemic daughter did not.

Investigations on wild-type (66), ABCG5™~ (29),
ABCGS™~ (30), and ABCG5/8deficient mice (31) have
produced data largely concordant with human findings.
Thus, Igel et al. (66) examined sterol metabolism in wild-
type mice that had received an intragastric dose of plant
oil, containing rough equal quantities of three deuterated
sterols and their corresponding ba-stanols. They found
the mice rapidly (~15 min) internalized all of the lipids
with similar efficiencies, as judged by the sterol/
stanol:cholesterol ratios in their upper intestinal entero-
cytes (i.e., campesterol:cholesterol 0.91 <+ 0.05,
sitosterol:cholesterol 0.75 + 0.11, cholestanol:cholesterol
0.70 + 0.08, campestanol:cholesterol 0.52 + 0.08, and
sitostanol:cholesterol 0.41 + 0.08). However, thereafter,
marked differences occurred. First, in the elimination of
sterols and stanols from enterocytes (sitostanol >
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campestanol > sitosterol > campesterol = cholestanol >
cholesterol); next in plasma accumulation (cholesterol >
campsterol > cholestanol> sitosterol; [sitostanol and
campestanol, not detected]); and then in their elimina-
tion in bile (campesterol > cholestanol > sitosterol >
cholesterol).

In marked contrast to wild-type mice, ABCG5/8-deficient
animals retain noncholesterol sterols in both their plasma
and liver (i.e., sitosterol, 85 and 116x; campesterol, 14 and
16x; and cholestanol, 2 and 1.5x relative to wild-types ani-
mals). Cholesterol levels, in comparison to the human sit-
uation, were decreased by ~50% (31) and associated with
decreased hepatic mRNA levels for 13 enzymes on the
cholesterol biosynthetic pathway. Thus in ABCG5/8"~
mice, high noncholesterol sterol(s) levels decrease choles-
terol biosynthesis, as occurs in man. Moreover, their bile
contains ~90% less sterol than wild-type animals, with the
bile:liver sterol ratios, indicating that the preferential ef-
flux of noncholesterol sterols into bile (30) was also lost in
these animals, consistent with data from studies performed
in ABCG&§-deficient mice, which measured the amounts of
[HC]cholesterol and [SH]sitostanol that entered bile via
HDL (30).

ABCG5/8 genetics

Below, we summarize the clinical presentation of sito-
sterolemia, the spectrum of reported ABCG5/8 muta-
tions, and the phenotype of the carrier state (Table 2),
as well as the associations among relatively common
ABCG5/8 variants, plasma sterol profiles, and risk of
gallstone disease and coronary heart disease (CHD:;
Table 1).

Sitosterolemia mutations. Clinically, sitosterolemia (also
known as phytosterolemia) manifests either in children as
tendon and tuberous xanthomas (67-71) or in young
adults with severe CHD attributable to massive accumula-
tion of sterols and stanols in monocyte-derived mac-
rophages (25, 68, 72-75). Other clinical manifestations
include arthralgia and intermittent arthritis ascribed to si-
tosterol deposits (45, 70); liver disease (45); and hemato-
logical abnormalities (45, 69, 76, 77), including abnormally
shaped, fragile erythrocytes and large platelets. In one pa-
tient, adrenal insufficiency was present (76).

Biochemically, sitosterolemia is characterized by raised
(~30x) plasma levels of plant (e.g., sitosterol, the main

dietary sterol, campesterol, and stigmasterol), their ba-
saturated derivatives (e.g., ba-cholestanol and ba-
sitostanol) and shell-fish sterols (22-dehydrocholesterol,
brassicasterol, C-26 sterol, and 24-methylene cholesterol)
(25,72, 78). Plasma cholesterol levels may also be severely
elevated, especially in children (58, 59, 71, 79). At the tis-
sue level (except brain), sterols and stanols accumulate in
a range of cell types in approximately the same ratio as
present in blood (72, 80).

So far, ~40 different ABCG5 or G8 mutations have been
described in 65+ sitosterolemia families (59, 67-71, 73, 76,
79, 81-84). In most kindred, the mutations definitively re-
side on both copies of either one gene or the other, but
not on one chromosome of each. A few of the mutations
are over-represented in certain ethnic groups (e.g., ABCG5,
R389H in Japanese, Chinese (71, 85), ABCGS, W361X in
Europeans (45, 59, 81), implying founder effects, but oth-
erwise, each mutation is confined to one or two kindred.
Many of the mutations are predicted to encode truncated
ABCGb) or 8 polypeptides, resulting in the loss of their
single nucleotide binding domain, putative transmem-
brane domain (six o-helices), glycosylated extracellular
loop (~70 amino acids), or short, highly conserved cytoso-
lic C-terminal tail. Some (mutations) are missense, includ-
ing five affecting the ATP binding cassette motif of either
ABCGbH or ABCGS8 and, thus, the presumed coupling of
ATP hydrolysis to sterol transport (61, 86, 87). Others ap-
pear to impair the formation of stable G5G8 heterodimers
and their subsequent trafficking out of the ER (88). A few
may affect the ABCGb5/8 sterol binding sites, which have
yet to be mapped.

Modest effect of sitosterolemia carrier status on LDL-C lev-
els. The high carrier rate (11.1%) of a particular truncat-
ing mutant ABCGS allele (Table 2) among individuals of
the Micronesian Island of Kosrae illuminates the outcome
of ABCGS haploinsufficiency on sterol metabolism (83,
89). Compared with noncarriers, such individuals have ste-
rol profiles indicative of increased net sterol absorption
plus decreased endogenous cholesterol synthesis (Table
2). Hence, plasma cholesterol and LDL-C levels are only
moderately increased.

Amazingly, nearly 2% of Kosrae (i.e., three large ex-
tended families and one apparently unrelated individual)
carry a single missense mutation (D450H) (89), affecting
the ABCGD) putative transmembrane domain. Intriguingly,

TABLE 2. ABCGS haploinsufficiency and ABCG5 missense mutation increase net sterol absorption in a
Micronesian population

ABCGS8 ABCG5
Noncarriers p-Q24HfsX8 Carriers p-D450H Carriers P (ANOVA)

Frequency (%) - 11.1 1.8
Campesterol:cholesterol 1.33 £ 0.52 2.00 +0.87 2.78 +1.01 <0.0001°

(~sterol absorption)
Lathosterol:cholesterol 1.52 + 0.67 1.33 £ 0.55 0.84 +0.38 <0.0001“

(~cholesterol synthesis)
Total cholesterol (mg/dl) 165.48 + 34.35 170.20 + 34.48 167.55 + 34.92 0.022"

Data (e.g., plasma campesterol:cholesterol ratio) are from up to 2,819 individuals (83, 89).

“ P= difference between all genotype groups.

" P = difference between ABCGSp.Q24HfsX8 carriers and noncarriers only.
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this variant has greater impact on plasma noncholesterol
sterol levels than the more common and truncating (i.e.,
null) mutant ABCG8allele (Table 2). Furthermore, inferred
endogenous cholesterol synthesis rates are more markedly
decreased in ABCG5 missense mutation carriers than in
ABCGS8 null carriers, which may explain why mean plasma
cholesterol values in islanders with the ABCG5 missense al-
lele are midway between those islanders with no ABCG5/8
mutation and the ABCGS8null allele carriers (Table 2).

Historical but more direct evidence of reduced cho-
lesterol synthesis in sitosterolemia patients (as well as
heterozygote carriers) derives from the era preceding
genetic diagnosis (64, 90-93). Nguyen and colleagues
(93), for example, showed that hepatocytes from two af-
fected sisters (ages 27 and 29 years) contained 24% less
cholesterol than control subjects, as well as barely de-
tectable levels of HMGCR mRNA. HMGCR protein (0.18
+ 0.04 versus 1.43 + 0.41 units/mg cell protein) and ac-
tivity (15.0 = 2.0 versus 98.1 = 28.8 pmol/mg protein/
min) were also markedly reduced. It seems, however,
that certain cell types may compensate for any potential
shortfall in hepatic-derived cholesterol by increasing
uptake of their exogenous supplies, as both peripheral
blood mononuclear cells and hepatocytes themselves
exhibited substantial increases in LDL-C high-affinity
(receptor-mediated) binding (253 versus 95.1 £ 8.2 ng/
mg). Moreover in the follow-up study (91) involving an
additional sitosterolemic sister, neither colestipol (bile
acid sequestrant) nor ileal bypass surgery (aimed at low-
ering sterol absorption and stimulating bile acid synthe-
sis) increased de novo cholesterol synthesis, as measured
in mononuclear leukocytes. Rather, receptor-mediated
uptake of LDL was increased.

Opposing effects of ABCGS variants on CHD and gallstone
disease risk.  Prior to GLGC (32), three small studies had
indicated that the D19H ABCGS8variant (or allele in strong
LD (e.g., rs41360247), represents a gain-of-function (94—
96) as 19H carriers had plasma sterol profiles suggestive of
increased sterol efflux plus a compensatory rise in de novo
cholesterol synthesis (Table 1). Accordingly, in the GLGC
cohort, 19H allele ownership translates into only a modest
reduction in LDL-C levels (Table 1). In another GWAS
(97), an allele in strong LD (r2 =0.93) with the 19H ABCGS
allele (not genotyped) displayed association with mark-
edly lower plasma noncholesterol sterol levels and, more
importantly, decreased CHD risk (Table 1).

The strong association of ABCGS 19H variant (or allele
in LD) with gallstone disease was originally detected in
German patients suffering from all types of stones and
even more convincingly for stones in which cholesterol
was the major component (Table 1) (98). Since then, as-
sociations between 19H ownership and gallstone disease
have been reported in Chileans (98), Romanians (99),
Swedes (100), Taiwanese (101), Indians (102), and the
Danish general population (103). Tantalizingly, in Indian
patients, 19H ownership was associated with higher cho-
lesterol levels in bile (102). Sadly, in this study, noncholes-
terol sterols were not measured.

Biological and genetic classification of LDL dyslipidemias

Genetic data for two further ABCGS alleles (rs4299376,
rs4245791) also point to the clinical importance of the
ABCGbH/8 transporter in regulating long-term, whole-body
sterol homeostasis (Table 1). In the GLGC cohort, the
rare allele at rs4299376 (in strong LD with the rare allele
at rs4245791) was associated with increased LDL-C and
40% lower levels of hepatic ABCGS mRNA (P = 0.009).
Similarly, in the case-control study of Teupser et al. (97),
the proxy for this allele displayed association with in-
creased plasma phytosterol and cholesterol, and increased
CHD risk.

In summary, the convergence of biological and genetic
data indicate that the rare allele at ABCG5/8 single-
nucleotide polymorphism (SNP) site rs41360247 (or
allele[s] in LD; e.g., ABCGS8 19H), increases sterol efflux,
thereby lowering plasma phytosterols and LDL-C levels,
and CHD risk (but increased risk of gallstone disease).
Conversely, the rare allele at SNP site rs4245791 (or al-
lele in LD) is associated with increased plasma phytosterol
concentrations, modestly raised LDL-C, and increased
CHD risk.

Downstream CYP7AI variant associated with increased
LDL-C levels

Variant rs2081687, located ~14 kb 3" of CYP7A1, is the
first to be robustly associated with LDL-C levels in the pop-
ulation at large (Table 1). Even if this phenotype arises
from a so-far undiscovered variant(s) in strong LD with
rs2081687, rather than the variant itself, the genetic archi-
tecture of this genomic region suggests the causative le-
sion will reside outside the structural gene, its complex 5’
promoter elements, and 3’ untranslated region (UTR)
(104, 105). Hence, an unsuspected, distant 3’ sequence
may regulate CYP7A1 expression and, in turn, cholesterol
conversion to bile acids (Fig. 1).

HMGCR variant associated with LDL-C levels

It seems to have been known for a considerable time,
albeit anecdotally, that plasma cholesterol levels are ab-
normally low (i.e., <5 percentile for age and sex) in pa-
tients with cholesterol biosynthetic disorders such as
Smith-Lemli-Opitz syndrome (106). However, it has only
recently become apparent that a HMGCR variant
(rs384662) within intron 13 is associated with modest re-
ductions in plasma LDC-C levels (comparable to ABCGS
LDL-C-lowering variant) in the population at large (Table
3). This discovery originated with a GWAS, which identi-
fied association among three HMCGR variants in strong
LD with the intron 13 variant and LDL-C levels in Kosraen
Polynesians (107). Subsequent analyses replicated the as-
sociation in three white (107), two Japanese (108) and the
GLGC cohort populations In the Japanese, the intron 13
variant is also associated with increased risk of myocardial
infarction (Table 3).

It turns out that the intron 13 variant rs384662 modu-
lates splicing efficiency of HMGCR pre-mRNA, culminat-
ing in the production of fewer naturally occurring
nonfunctional transcripts (i.e., minus exon 13 and cata-
Iytic residues). Hence, in vivo this variant is envisaged to
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TABLE 3.

“Functional” HMGCR variant associated with increased LDIL-C levels

Gene Sample (Reference) Typed Variant (Proxy)”

Positionb(Effect)

Allele’(MAF) Effect on LDL-C Other Associated Traits

HMGCR 2,346 inhabitants of
Micronesian island
of Kosrae, plus1464
type 2 diabetes cases
plus 1,467 controls
(Diabetes Genetics
Initiative data) (107)

2 Japanese population
studies (n = 2,686
and n =2,110) (108)

GLGC (32)

1) rs3846662

1) rs3846662

1) rs12916 (rs384662)

c.1722+45A>G

c.1722+45A>G

c.*372T>C

G(0.40) G/G Kosraens +11.6
mg/dl versus A/A
(P<2x107). For

combined dataset,

Total cholesterol
(combined dataset,
P<2x10°%

P<1x10°%).
G(0.51/0.50) B =3.56, MI, OR 1.15 [95%
P=491%x10"° CI 1.04-1.28],

P=0.0075)

Total cholesterol
+2.84 mg/dl per
copy (Z =14.363,
P=9x10"")

C(0.39) +2.45 mg/dl per
copy (Z =14.079,

P=5x10"")

“ Independent variants/associations are numbered. “Proxy” variant is in strong linkage disequilibrium with genotyped variant.

” Relative to the initiating ATG or stop codon (¥).
‘ Minor allele is listed with frequency (MAF) in study population.
95% CI, 95% confidence interval; OR, odds ratio.

increase HMGCR activity and cholesterol synthesis, pro-
ducing a compensatory reduction in LDL-C uptake to
maintain cellular cholesterol homeostasis (107).

NEW INSIGHTS INTO APOB-CONTAINING
LIPOPROTEIN ASSEMBLY AND SECRETION

In the sections that follow, we provide an update on
apoB and the microsomal triglyceride transfer protein
(MTP), while acknowledging that the assembly of apoB-
containing lipoprotein serves two complementary func-
tions: (7) the delivery of lipids to distant cells and (#) the
removal of excess lipids that might otherwise lead to dis-
ease (e.g., liver cirrhosis). Another section highlights a po-
tentially new function for angiopoetin-like protein 3
(ANGPLT3) and reports on the association of a DOCK7/
ANGPLT?3 variant with both LDL-C and triglyceride (TG)
levels. Other sections focus on the intracellular trafficking
of nascent chylomicron and VLDL. The last section sum-
marizes the emerging evidence that the tribbles homolog
1 (Tribl) increases VLDL production through enhanced
de novo lipogenesis. Although, helpful for understanding
the hypocholesterolemia that develops in apoB-specific fa-
milial hypobetalipoproteinemia (FHBL) and ANGPLT3-
specific combined hypolipidemia, it is beyond the scope of
this review to cover the array of molecular processes regu-
lating presecretory degradation of nascent apoB-contain-
ing lipoproteins (109-111).

ApoB structures and lipoprotein production

The specific structures required to initiate the cotransla-
tional assembly of apoB-containing lipoproteins (Fig. 3)
are formed by the N-terminal region (Bal) of apoB (amino
acids 1-782; apoB17) (112-114), whereas sequences be-
yond apoB19.5/22 (i.e., amino acids 884,/1000) supply
the lipid binding structures for forming a stable, secretion-
competent, lipoprotein particle (115, 116). These se-
quences include amphipathic B-strand and o-helix
structures in the Bl (apoB20-apoB41; amino acids ~908
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to ~21860) and a2 (apoB42-48; amino acids ~1900-2152)
domains of apoB, respectively, and in particular sequences
between apoB32 and apoB41 (~1450-1860), which have a
marked ability to recruit triglyceride into assembling lipo-
proteins (117). The amphipathic B-strand structures
formed by apoB37-41 (amino acids 1694-1880) and
apoBb56.7-88.2 (amino acids 2571-4000) also appear to ir-
reversibly anchor apoB to the lipid cores of VLDL and
LDL (114, 118).

ApoB-specific FHBL.  Clinically, FHBL ([OMIM #107730],
Table 4) is an autosomal dominant monogenic disorder
reserved to describe those individuals who have (7) low lev-
els of total cholesterol (TC; <bth age-sex-percentile values
of the reference population), LDL-C (<75 mg/dl), and
apoB (<560 mg/dl), and no underlying lifestyle (e.g., vegan,
malnutrition) or medical cause (e.g., hyperthyroidism
(119), chronic liver disease); and () a parent (or parents)
with the same biochemical trait. No reliable frequency es-
timates of the prevalence of FHBL (as defined by bio-
chemical criteria and dominant transmission of the lipid
trait) exist because no systematic population/family stud-
ies have been performed. We therefore eagerly await data
from large-scale sequencing of people from the general
population with a lipid phenotype indicative of FHBL and
descriptions of the ensuing clinical associations.

Below we report seven eloquent case studies of apoB-
specific FHBL (i.e., FHBL phenotype caused by pathogenic
APOBmutations) to illustrate that compound heterozygote /
homozygous patients have a hugely variable phenotype
(Table 4) and that the most common reported causes of
this condition involve mutations that prematurely block
the translation of apoB mRNA. Although the clinical data
show an overall association between increasing apoB pro-
tein length and chronologically later and milder clinical
phenotype, it must be acknowledged that there are still
too few case studies to discern the individual effects of fat-
soluble vitamin deficiencies and other confounding fac-
tors, such as advanced age and lifestyle choices (e.g., excess
energy intake), to accurately predict the severity of clinical
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Fig. 3. Multiple gene products participate in the assembly, intracellular trafficking, and secretion of chylo-
microns and VLDL. Microsomal triglyceride protein (MTP), the abetalipoproteinemia gene product, forms
a heterodimer with protein disulphide isomerase (PDI), an ER-chaperone-like protein. The PDI is envisaged
to retain MTP at the site of apoB translocation, as it alone contains the “KDEL” ER-retention sequence. In
one model, MTP acquires the lipids (for transfer to apoB) from the membranes of the ER via two helical
peptides situated at the entrance to its lipid-binding cavity (dark green). The first helix interacts with a mem-
brane in a manner similar to viral fusion peptides and is necessary for the acquisition of neutral lipid. The
second helix, which contains an abetalipoproteinemia missense mutation, is required for the transfer of
these lipids to the lipid-binding cavity of MTP (359). The schematic also illustrates that the highly conserved
Interprol747 domains (yellow, B-barrel; light green, a-helical domain) (360) of MTP and apoB physically
interact, presumably to ensure MTP can cotranslationally load the lipid-binding structures of apoB with lipid
as they enter the ER. APOB mutations that affect the folding of the N-terminus of apoB or its interaction with
MTP or that remove the apoB’s C-terminal lipid binding structures cause FHBL. Nascent VLDL and chylo-
microns leave the ER in coat protein (COP) II vesicular structures that are assembled on the cytosolic sur-
face of the ER. In CMRD, chylomicron-like particles are made, but these are retained intracellularly due to
recessive mutations of SARAZ2, which encodes the Sarlb isoform of Sarl. In post-ER compartments, nascent
VLDL has two distinct fates: it may interact with sortilin (encoded by SORTI) and, potentially, PCSK9 and be
targeted for degradation in lysosomes; or alternatively, it may be secreted. Some newly secreted VLDL is re-

captured by the LDLR-PCSK9 axis (not shown for clarity).

manifestations that may develop for any given apoB muta-
tion. We also note that more apoB missense mutations
within the apoB-lipoprotein-initiating domain (after case
studies) may emerge as patients with fatty liver and/or
hypocholesterolemia are screened for such variants.

Case stupy 1. A Caucasian male infant was hospitalized
at 4 months of age for investigation of failure to thrive with
severe fat malabsorption (120). His diagnosis of homozy-
gous/compound heterozygote apoB-specific FHBL was
originally suspected from his lipid profile and that of his
parents, both of whom were severely hypocholesterolemic
(Table 4). Molecular analyses confirmed his diagnosis
(Table 4), identifying two different mutations, both of
which almost certainly blocked the initiation of apoB-con-
taining lipoprotein assembly in all cell types. At 10 months,
he was treated with medium-chain triglycerides, resulting
in weight gain and decreased steatorrhea. However, he de-
veloped micronodular cirrhosis, portal hypertension, and
esophageal varices by age 11, plus severe neurological de-
ficiencies that included ataxia, dysarthria, severe impair-
ment of position and vibratory sensation, and absent deep
tendon reflexes. His neurological symptoms were stabi-
lized by intramuscular and intravenous vitamin E therapy.
However, in his last three years of life he suffered seizures,
a cerebrovascular accident, recurrent massive gastrointes-
tinal hemorrhages, and finally cardiac arrest at age 18.

Case stupy 2. A 4-year-old Tunisian girl was born from
consanguineous parents (121). She had a long history of
diarrhea, intolerance to fatrich meals, and marked hypo-
lipidemia (Table 4). Histological and biochemical analyses

revealed fatladen enterocytes, resulting from a homozy-
gous mutation that removed >95% of apoB’s lipid binding
structures. Her obligate heterozygote parents had greatly
reduced total cholesterol and LDL-C levels (Table 4), po-
tentially attributable to either decreased production or
increased catabolism of VLDL-apoB100, LDL-apoB100, or
both (122-124). The parents did not clinically manifest fat
malabsorption. However, when Hooper et al. (125)
formally tested the postprandial fat responses of other
similarly asymptomatic, heterozygote, FHBL subjects
(apoB100/apoB6.9, n = 3; apoB100/apoB25.8, n = 1;
apoB100/apoB40.3, n = 2), their plasma triglyceride and
apoB-48 levels peaked earlier than in the controls (n = 10),
and these peaks were markedly reduced in magnitude.
Thus, these findings support the anecdotal reports of in-
testinal manifestations suggestive of mild fat malabsorption
in apoB100/apoB6.7 (126) and apoB100/B8.2 (127) indi-
viduals, when they refrained from their fatrestricted diet.
By contrast, normal postprandial fat-absorption responses
were found in heterozygous apoB48.4 and apoB76 FHBL
subjects (128,129),implying that only those FHBL heterozy-
gotes with apoBs shorter than apoB-48 have a reduced
capacity to assemble dietary lipids into chylomicrons.

Case stupy 3. A 21 year-old Caucasian woman from con-
sanguineous parents was investigated because of chronic
fatty diarrhea (130). Inspection of jejunal and ileal biop-
sies revealed accumulation of fat vacuoles. Acanthocytes
were present, but the patient displayed neither neuropa-
thy nor retinopathy. Laboratory analyses revealed trace
amounts of plasma apoB27.6 associated with lipoprotein
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TABLE 4. Monogenic disorders of lipoprotein assembly and secretion: representative lipid
and lipoprotein levels

Lipid/Lipoprotein Levels® (mg/dl)

Disorder/Gene/CS

(Reference) Subject (Age”) Mutation State Mutation (Effect’) TC LDL-C TG HDL-C  ApoB TC:HDL-C’
FHBL/APOB/CS1 (120) Proband (15)  Compound c.1315C>T/c.537+1G>T 36 0 12 36 NA 1
heterozygous (ApoB9/apoB3.4-4.5)
Mother (40) Heterozygous c.1315C>T (ApoB9) 90 NA 40 NA NA NA
Father (43) Heterozygous c.537+1G>T (ApoB3.4-4.5) 135 47 445 38 NA 3.55
Brother (14) Heterozygous c.537+1G>T (ApoB3.4-4.5) 97 29 59 56 NA 1.73
FHBL/APOB/CS2 (121) Proband (4) Homozygous ¢.2169delT (ApoB15.56) 11 3 21 4 ~0 2.75
Mother (27) Heterozygous 66 19 58 34 35 1.94
Father (40) Heterozygous 62 15 22 42 35 1.48
Brother (1) Homozygous 27 1 4 24 ~0 1.13
FHBL/APOB/CS3 (180) Proband (21)  Homozygous ¢.4216+2T>C (ApoB27.6) 19 NA 6 NA ~0 NA
Mother Heterozygous 180 NA 33 NA 67 NA
Brother Heterozygous 80 NA 43 NA 31 NA
Sister Heterozygous 99 NA 24 NA 27 NA
FHBL/APOB/CS4 (131) Proband (57)  Homozygous ¢.5344C>T (ApoB38.7) 84 NA 57 77 3 1.09
Son (32) Heterozygous 124 NA 43 68 27 1.82
Son (30) Heterozygous 127 NA 62 71 27 1.79
FHBL/APOB/CS5 (132) Proband (48) Homozygous c.6240T>A (ApoB45.2) 58 ~0 60 51 7 1.14
FHBL/APOB/CS6 (133) Proband (10)  Heterozygous c.3741T>A (ApoB26.87) 89 18 20 67 10 1.33
Mother (35) Heterozygous 110 60 59 38 31 2.89
Father (37) Wild-type 175 92 258 31 70 5.65
Brother (6) Wild-type 155 90 67 51 78 3.04
FHBL/APOB/CS7 (139) Proband (77)  Heterozygous ¢.9754_9755insA 128 41 89 61 NA 2.09
Son (29) Heterozygous (ApoB70.5) and 116 29 124 50 NA 2.31
Wife (67) Wild-type ApokE £2/82 193 94 186 53 NA 3.65
Daughter (38)  Wild-type 166 99 89 56 NA 2.97
FHBL/APOB (155) Proband (47)  Homozygous c.1468C>T (p.R463W) 36 3 59 23 7 1.56
Brother (37) Heterozygous 98 31 44 50 28 1.96
Daughter (26) Heterozygous 97 32 53 50 30 1.92
ABL/MTP (158) Proband (<1) Homozygous c.1867+5G>A (aberrant 23.4 NA <8.8 17.6 0.1 1.33
Mother Heterozygous splicing) 1875 NA 526  39.1 74 4.80
Father Heterozygous 257.8  NA 122.6  45.3 112 5.69
Sister Heterozygous 136.7 NA 96.4 NA 83 NA
ABL/MTP (121) Proband (13) Homozygous c.923G>A (p.-W308X) 27 ~0 ~0 24 ~0 1.13
Mother (36) Heterozygous 104 51 44 45 35 2.31
Father (37) Heterozygous 170 108 114 40 61 4.25
Brother (2) Wild-type 124 73 71 36 45 3.44
ABL/MTP (121) Proband (10) Homozygous c.618-3T>G 20 ~0 6 20 ~0 1.00
Mother (39) Heterozygous (p-Q206£sE234X) 175 92 55 83 112 2.11
Father (43) Heterozygous 190 110 70 66 91 2.88
Brother (1) Wild-types 149 92 196 57 121 2.61
CMRD/SARA2 (178) Proband (10) Homozygous ¢.537T>A (p.S179R) 109 NA 120 23 NA 4.74
Mother Heterozygous 175 NA 65 61 NA 2.87
Father Heterozygous 211 NA 183 49 NA 4.31
Sister Wild-type 164 NA 77 55 NA 2.98
CMRD/SARA2 (182) Proband (2) Compound c.32G>A (p.G11D)/ 70 50 114 0 54 High
heterozygous c.224A>G (p.D75G)
Mother (37) Heterozygous c.32G>A (p.G11D) 152 96 50 46 82 3.30
Father (35) Heterozygous ¢.224A>G (p.D75G) 198 129 57 57 88 3.47
Brother (5) Wild-type 166 109 51 46 108 3.25
Familial Combined Proband (23)  Compound p-S17X/p.E129X 50.5  30.8 22.3 15.8 NA 3.20
Hypolipidemia/ Heterozygous
ANGPTL3 (170) Father (67) Heterozygous p-E129X 1454  98.8 97.8  35.0 NA 4.15
Mother (64) Heterozygous p-S17X 126.0 732 51.0  44.2 NA 2.85
Brother (43) Compound p.S17X/ p.E129X 56.0  34.7 24.3 163 NA 3.43
Heterozygous
Sister (44) Compound p-S17X/p.E129X 574  36.8 19.1 178 NA 3.22
Heterozygous
Niece (18) Heterozygous p-S17X 129.8 715 555  49.0 NA 2.65
Niece (16) Heterozygous p-E129X 154.8 102.7 106.8  34.7 NA 4.46
Brother (40) Wild-type None 2273 1476 2242 376 NA 6.05

“ Age in years.

" Predicted effect of mutations is specified in parentheses.
 Levels ~0 were undetectable; “NA” indicates that measurements were not available.

¢ Differential diagnosis: TG:HDL-C ratio in CMRD and ANGPTL3-specific familial combined hypolipidemia >
TC:HDL-C ratio in APOB-specific FHBL.
CS, case study. Probands are highlighted in bold.
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particles sized between normal LDL and HDL, plus a ho-
mozygous splice site mutation compatible with the observed
truncated apoB species (Table 4). As seen in other
heterozygote apoB-specific FHBL individuals, her mother,
brother, and sister were clinically well and had less than
half the expected plasma concentration of cholesterol,
triglycerides, and apoB (Table 4). The patient received vi-
tamin A and E supplementation, which may have contrib-
uted to her developing liver fibrosis two year later (130).

Cast stupy 4. The proband, a 57-year-old Japanese
mother homozygous for an apoB mutation predicted to
truncate apoB after amino acid 1755 (apoB38.7), was re-
ferred for evaluation of a liver mass (131). She had no his-
tory of diarrhea or steatorrhea, and plasma vitamin E levels
were within the normal range. However, she was severely
hypocholesterolemic (Table 4). Blood studies showed she
was anemic, with blood film acanthocytosis. She also had
proteinuria, extensive calcification of the major arteries,
and cholelithiasis (see case study 6). Her medical history
was significant for asthma, night blindness, and type II dia-
betes, all diagnosed at age 36 and managed by diet and
insulin. At age 48, she had a retinal hemorrhage attributed
to hemorrhagic glaucoma, resulting in right eye blindness,
and at age 54, she developed hemopytsis secondary to
bronchiectasis. Retinal pigmentation, hard exudates, and
extensive photocoagulation scars were noted in both optic
fundi. Neurological examination revealed no abnormal
pyramidal, cerebellar, or posterior column abnormalities
but she did have paraesthesia in both hands (“stocking-
glove” type hypoaesthesia, absent deep tendon reflexes in
the lower extremities, and positive Romberg’s sign).

Case stupy 5. Homozygous FHBL was diagnosed in a
48-year-old Caucasian mother (three normal pregnancies)
following routine cholesterol screening (132). She denied
any unusual dietary habits, symptoms of fat malabsorp-
tion, night blindness, or neurological or visual impair-
ment. She was found to have a homozygous nonsense
mutation that retained the apoB sequences required to
form triglyceride-rich lipoproteins (Table 4) and the an-
choring of apoB to its lipid core (114, 118). Accordingly,
in marked contrast to her severe hypocholesterolemia, her
plasma triglyceride, apoAl, HDL-C and vitamin E levels
were within the normal range.

Case stupy 6. A 9-year-old patient presented with epi-
gastric pain, cholestastic jaundice, and acute cholecystitis
(133). Liver ultrasound revealed grossly dilated common
and intrahepatic bile ducts due to obstruction by a gall-
stone, with many more within her gallbladder. Labora-
tory analyses led to a diagnosis of heterozygous
apoB-specific FHBL (Table 4) in her and her clinically
well mother. This case study reminds us that gallstone dis-
ease is not uncommon in heterozygous apoB-specific
FHBL patients (apoB90/40 (134); apoB100/apoB46
(135); apoB100/83 (136)) and that it may relate, at least
in part, to their near-normal levels of intestinal choles-
terol absorption (i.e., 47.5 + 6.3 versus 53.8 + 11.7% in
controls (137, 138)).

Case stupy 7. A 77-year-old proband was investigated
for marked hypocholesterolemia following routine choles-

terol screening (139). Laboratory analysis revealed that he
and his son were heterozygous for apoB70.5 and homozy-
gous for apoe2 (Table 4). Moreover, they had the classical
features of dysbetalipoproteinemia superimposed onto
heterozygous apoB-specific FHBL. Thus, their fasting
plasma samples contained apoB48 in the triglyceride-rich
fraction plus B-migrating VLDL, indicative of impaired
clearance of apoE-containing lipoproteins (Fig. 5).

A full understanding of the effects of apoB truncations
on organ cholesterol homeostasis is hampered by incom-
plete (by contemporary standards) phenotypic and ge-
netic characterization of apoB-specific FHBL patients.
This is unfortunate because it is clear that such mutations
(2) will affect lipid homeostasis in multiple cell types (e.g.,
cardiomyocytes (140), granulose cells (141), T cells (142),
renal tubular epithelial cells (143)) and could contribute
to multiple cell phenotypes (case study 5); (i7) may coexist
with another inherited disorder (especially within consan-
guineous pedigrees); and () may be influenced by the
ever-present individual variation in compensatory mecha-
nisms, as well as different apoE genotypes (case study 7
(144), Fig. 5). In this respect, three reports have shown
that VLDL production is reduced in apoE deficiency (145,
146) and apos2 homozygosity (147). However, in vitro
data have indicated that the expansion of the neutral lipid
core of VLDL in the Golgi apparatus promotes apoE bind-
ing (148-150) and that this apolipoprotein is not required
for VLDL maturation (149).

Arguably, insights into the molecular consequences of
apoB-specific FHBL are best gleaned from model systems.
Of these, the human apoB38.9 mouse model provides im-
portant data (151). In these mice, hepatic cholesterol lev-
els were normal, despite impaired hepatic lipid export
into the circulation via VLDL. However, hepatic ABCG5/8
mRNA levels were increased, suggesting that cholesterol
efflux into the bile was enhanced (Fig. 1). Additionally,
mRNA levels of cholesterol synthetic genes were decreased,
as was hepatic cholesterol synthesis. LDLR mRNA was also
decreased, indicative of reduced hepatic cholesterol up-
take. Hence, it seems that the apoB38.9 mice called upon
multiple mechanisms to maintain hepatic cholesterol ho-
meostasis. However, and in keeping with the human situa-
tion, where fatty liver is a common complication of
apoB-specific FHBL (152, 153), these mice were less suc-
cessful in dealing with their reduced capacity to export
triglycerides via VLDL (154): both the heterozygous and
homozygous animals developed fatty liver.

Indeed, a diagnosis of apoB-specific FHBL should be
considered whenever a patient is found to have fatty liver
and LDL-C levels <75 mg/dl. In our series of 110 such pa-
tients, 51 had apoB100-truncating mutations (152, 153)
and 6 had heterozygous missense variants (A31P, G2758S,
L324M, R463W [n = 3]) within the apoB lipoprotein-initiat-
ing domain (Fig. 3). In fact, the R463W mutation was origi-
nally identified in the homozygous state in a 47-year-old
Christian-Lebanese woman (155) following detection of
marked hypocholesterolemia during a routine lipid screen
(Table 4), and it was shown to block the assembly/secretion
of both apoB48- and apoBl100-containing lipoproteins in
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vitro (155). In vivo, R463W patients accumulate fat in their
intestinal enterocytes and exhibit a blunted postprandial
rise in blood lipid levels (156), despite their apparent ab-
sence of clinically significant intestinal fat malabsorption

(153, 155, 156).

Multiple common APOB variants modulate LDL-C levels

The GLGC study (Table 5) (32) lends support to the
two propositions put forward by Benn et al. (157). First,

relatively common NS coding sequence variants predicted
to alter the structure of the apoB-lipoprotein-initiating do-
main (e.g., T71I in mature protein) contribute to the pop-
ulation variance in apoB, total, and LDL-cholesterol levels.
Second, an additional set of independent apoB alleles
modulate LDL-C levels, potentially by increasing apoB
transcription. The GLGC results also indicate that caus-
ative apoB variants have a larger impact on LDL-C levels
than common NPCILI and ABCGS lesions.

TABLE 5. Multiple common genetic determinants influencing LDL-C levels through the ApoB-lipoprotein
assembly and secretion axis
Sample Typed Variant
Gene (Reference) (Proxy) “ Position”(Effect) Allele’(MAF) Effect on LDL-C Other Associated Traits
APOB Prospective study 1) rs1367117  ¢.293C>T (T711)d T(0.33) T/T +11.60 mg/dl Total cholesterol, apoB
of 9,185 Danish versus C/C, (P<0.001)
individuals (157) 2) rs10199768 ¢.2817—1223C>A C(0.30) C/A —3.09 mg/dl versus Total cholesterol, apoB
A/A, (P<0.01)
3) rs693 ¢.7545C>T (T2488T)d T(0.48) T/T +9.67 mg/dl versus  Total cholesterol, apoB
C/C, (P<0.001)
4) rs1801701  ¢.10913G>A (R3611Q) ¢ A(0.09) G/A +4.25 mg/dl versus  Total cholesterol, apoB
G/G, (P<0.01)
5) 1s1042031  ¢.12541G>A(E4154K)  A(0.17) A/A —6.96 mg/dl versus ApoB
G/G, (P<0.05)
GLGC (32) 1) rs1867117  ¢.293C>T (T711) T (0.30) +4.05 mg/dl per copy | Total cholesterol, +4.16 mg/dl
(2=227,P=4x10 "™,  per copy (Z 20.803,
P=4x10") Trlglycerlde
(Z=6.25P=4x10")
2) rs10199768 ¢.2817 —1223C>A A (NA) 7 =21.388 Total cholesterol 7 =19.518,
(P=2x10""" (P=8x10" )Trlglycerlde
(Z=8.382, P=5x10""7)
3) rs693 ¢.7545C>T (T2488T) T (NA) 7 =20.022 Total cholesterol 7 =18.18,
(P=4x10"%). (P=7x10"" )Trlglycerlde
(2=9.829, P=8x 10" %)
4) rs1801701  ¢.10913G>A (R3611Q) A (NA) 7 =6.838 Total cholesterol, Z = 5.948,
(P=8x10""% (P=3x10"%). (Triglyceride
P=0.13)
5) rs1042031  ¢.12541G>A (E4154K) A (NA) =—9.982 Total cholesterol, Z = —9.399,
(P=2x10"%) (P=6x10"%".
(Triglyceride P=0.03)
ANGPTL3 GLGC (32) 1) rs3850634  ~13 kb upstream G (0.32) —1.59 mg/dl per copy Total cholesterol, —2.60 mg/
(rs2131925) (intronic DOCK?7) (Z =—8.726, dl per copy(Z = —13.416,
P=3x10""9) P=5x10" ") Triglyceride,
=—13.278, (P=3x10"")
SORT1I 1,132 Jamaicans of 1) rs12740374 ~35 kb downstream G (0.26) B=-0.25,
African ancestry (rs629301) P=46x10""
(210)

Japanese population 1) rs599839 ~30 kb downstream G (0.08) —4.7 mg/dl per copy

study (n = 21,010) (rs629301) (P=31x10""

(211)

GLGC (32) 1) rs629301 ~34 kb downstream G (0.22) —5.65 mg/dl per copy Total cholesterol, —5.41 mg/
(Z = —27.854, dl per copy (Z = —24.350,
P=1x10"'7) P=6x *1). Reduced
CAD mk (P=4x10""
TRIBI Danish population 1) rs2954029  ~40 kb downstream T (0.48) T/T —4.25 mg/dl versus Triglyceride,

study (n = 50,309) A/A (P<0.001) T/T —14.17 mg/dl versus

(215) A/A (P<0.001)

Japanese population 1) rs17321515 ~36 kb downstream A (0.48) —1.7mg/dl per copy _ Triglyceride, —3.5 mg/dl per
study (n=21,010)  (rs2954029) (B=—0.04, P=1x10"") copy (B =—0.04, P=5x10"")
(211)

GLGC (32) 1) rs2954029  ~40 kb downstream T (0.47) Z=-11.176, Triglyceride —5.64 mg/dl

(P=5x10"%) percopy( :*15.651,
=3x10" ) and total
cholesterol Z = —12.464,
(P=1x10"")

Independent variants/associations are numbered. “Proxy” variant is in strong linkage disequilibrium with genotyped variant.

" Relative to the initiating ATG.
Mmor allele is listed with frequency (MAF) in study population.

¢ APOB mutations are numbered according to Benn et al. (157) rather than current Human Genome Variation Society nomenclature.

NA, not available.
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Update on the role of MTP function in cholesterol
homeostasis

MTP mutations are the major, if not sole, cause of the
rare recessive condition abetalipoproteinemia (ABL;
[OMIM #200100], Fig. 3) (158). This condition is bio-
chemically characterized by exceedingly low plasma levels
of cholesterol plus triglyceride, as well as a total absence of
all apoB-containing lipoproteins (Table 4). Its differential
diagnosis from homozygous apoB-specific FHBL includes
“normal” lipid levels in the parents, and exceedingly low
plasma triglyceride levels. For information regarding the
full spectrum of MTP mutations in ABL, the clinical mani-
festations, and management of this debilitating disorder, see
Refs. 159-161. Here, we review the role of M7TPin governing
cholesterol homeostasis, and we note that the GLGC study
detected no genome-wide significant associations between
MTP variants and LDL-C levels (32).

The role of apoE in delivering cholesterol to specific
body sites in ABL is largely unknown. An early study involv-
ing 9 patients with clinical features of this condition and
50 controls (162) revealed that the patients had increased
concentrations of both plasma apoE (44.8 + 8.2 pg/ml ver-
sus 36.3 + 11.1 wg/ml, P< 0.025) and an apoE cholesterol-
enriched HDL subfraction (~1.5-fold) that had the
capacity to compete with "LLDL for specific binding sites
on the surface of cultured human skin fibroblasts. How-
ever, the apoE genotype status of these patients was not
determined (Fig. 5). Subsequently, an analysis of the
plasma decay curves of injected radiolabeled autologous
lipoproteins (lgll-apoAI and 125I—apm:?)) in the HDL den-
sity range of 2 unrelated ABL patients and 22 control indi-
viduals revealed that the overall catabolism of apoe3 was
increased by ~25% in the patients, as was apoE production.
Moreover, the catabolism of apoAl in apoE-containing HDL
occurred at a faster rate than that in HDL without apoE,
potentially explaining the lower plasma apoAl levels in ABL
patients (163). Thus, quantitatively, neither the catabolic
nor the production rate of apoE in ABL is impaired, despite
the lack of apoB-containing lipoprotein assembly.

Two studies suggest that cholesterol biosynthesis may be
increased in ABL, although note that these analyses were
performed on individuals with no confirmatory molecular
diagnosis. In the first study, cholesterol synthesis was in-
creased by ~2-fold compared with aged-matched controls
(164), with the kinetic data conspicuously indicating that
the increased synthesis was largely “driven” by enhanced
fecal loss of intestinal cholesterol (i.e., both dietary and
biliary). In the second study, Kuriyama et al. (165) showed
that their patient had nearly 2-fold higher blood levels of
dolichols (synthesized through the cholesterol biosyn-
thetic pathway) than control individuals. Additionally, the
dolichols were largely (~80%) associated with HDL in
both the patient and control subjects.

Recent studies on two different mouse models of MTP
deficiency also contribute to our understanding of the dif-
ferent ways that the MTP:PDI heterodimer may influence
organ cholesterol levels (166, 167). Xie et al. (167) pro-
duced mice with (conditional) intestine-specific deletion
of the major, but not minor, Mitp species (168). They

Biological and genetic classification of LDL dyslipidemias

found that mean cholesterol absorption was reduced by
70% in the knockout animals and that enterocyte Mitp
mRNA levels were positively correlated with cholesterol
absorption (R2 = 0.69). They inferred from their studies
that, in mice, as much as 30% of intestinal cholesterol
reached the circulation via an apoB/MTP-independent
mechanism. Of potential significance, they also found that
enterocytes from their Mtp-deficient mice contained con-
trol levels of cholesterol and, not surprisingly, increased
HMGCR and Acat2 mRNA levels. Liver HMGCR mRNA was
also increased (by ~~4-fold) and ex vivo hepatic cholesterol
synthesis was similarly elevated. Despite these increases,
their mean liver cholesterol content was marginally de-
creased (~10%), most likely as a result of increased VLDL
secretion and cholesterol efflux into bile, given that he-
patic ABCG5/8 mRNA were increased. In the second study,
Igbal et al. (166) first showed that the livers of mice defi-
cient for both intestinal and hepatic Mi{p contained 132%
more unesterified cholesterol than did control animals
and, unexpectedly, a 90% reduction (rather than increase)
in cholesteryl esters. Next, they established that the
MTP:PDI heterodimer very likely enhances cellular cho-
lesterol esterification through its transfer of ACAT reac-
tion products (i.e., cholesteryl esters) from their site of
synthesis onto assembling apoB lipoproteinsm, leading
them to speculate that ACAT-product inhibition may serve
to prevent excessive accumulation of neutral lipids in ER
membranes and thus to maintain cellular integrity. On the
other hand, they noted that the observed increase in free
cholesterol in their MTP-deficient animals could explain
the toxicity associated with pharmacological inhibition of
MTP activity.

In summary, both humans (164, 165, 169) and mice
(166, 167), data indicate that the levels of blood/tissue
cholesterol/cholesteryl esters in ABL reflect both the clas-
sically taught defective production of apoB-containing li-
poproteins, which restricts cholesterol absorption (dietary
and biliary-derived), as well as enhanced biliary choles-
terol secretion and de novo cholesterol biosynthesis in
multiple cell types. It should be emphasized, however, that
pointfor-point comparison of mouse and human is un-
likely ever to be achieved, and some important differences
may exist.

ANGPTL3-specific familial combined hypolipidemia

In both man (170) (Table 4) and mouse (171, 172),
compound heterozygous/homozygous angiopoietin-like 3
(ANGPTL3) mutations have been associated with a low
LDL-C phenotype. The human study involved exome se-
quencing of two siblings from a large European family ex-
hibiting a combined hypolipidemia phenotype of
extremely low plasma cholesterol, LDL-C, HDL-C, and
triglyceride levels (Table 4). Adopting an analysis strategy
that considered the combined hypolipidemia phenotype
in this pedigree to be autosomal recessive in inheritance
led to identification of a single bi-allelically mutated gene,
ANGPTL3 (Table 4). However, close inspection of the
lipid profiles in this family suggests an additive (rather
than recessive) genetic model for both the low LDL-C and
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triglyceride traits, prompting Kathiresan and colleagues
(170) to remind us that hepatic (171, 173) and secreted
(174) ANGPTLS3 perform distinct functions. In the liver,
it acts to promote the production/secretion of apoB-
containing lipoproteins whilst inhibiting lipoprotein clear-
ance; the ANGPTL3 mutation carriers in the Kathiresan
family displayed decreased rates of VLDL-apoB produc-
tion (compound heterozygotes: 8.6 + 0.1 mg/kg/day;
heterozygote:16.4 + 4.9 mg/kg/day; no mutations: 26.9 +
4.6 mg/kg/day, P = 0.001, additive model) and elevated
fractional catabolism of LDL-apoB (compound heterozy-
gotes: 0.52 + 0.013 pools/h; heterozygote 0.045 + 0.01
pools/h; no mutations: 0.027 + 0.004 pools/h, P = 0.005,
additive model). In comparison, in the circulation ANGPTL3
inhibits the activities of lipoprotein lipase (175, 176) and
endothelial lipase (177) and modulates triglyceride and
HDL-C levels.

Importantly, two population-based studies support the
ANGPTL3/LDL-C connection. Thus, sequencing of
ANGPTL3 in Dallas Heart Study participants (n = 3,551)
showed that carriers of frame shift mutations (n = 12) had
lower LDL-C levels than did noncarriers (median 77.5
mg/dl versus 104 mg/dl in noncarriers, P = 0.03). Addi-
tionally, plasma triglyceride levels were lower (median 72
mg/dl versus 96 mg/dl, P = 0.08). In the GLGC sample,
the DOCK7/ANGPTL3 variant rs2131925 displayed robust
association with plasma cholesterol, LDL-C, and triglycer-
ide (Table 5).

Chylomicron retention disease

Chylomicron retention disease (CMRD); also known as
Anderson disease) ([OMIM #246700], Table 4) is a rare
autosomal recessive disorder caused by mutations of
SARA2. It typically presents in infancy with failure to thrive
in association with severe fat malabsorption (178-183).
Biochemically, CMRD is characterized by a selective ab-
sence of apoB48 in plasma, very low levels of total choles-
terol, LDL-C, and HDL-C, plus substantially reduced
apoB100 and Al (Table 4). Plasma triglyceride levels, in
comparison, tend to fall within the normal range, which
differs from ABL and the genetically severe forms of ho-
mozygous apoB-specific FHBL (Table 4) (184). For an up-
to-date description of the subclinical phenotypes found in
CMRD patients, see Refs. 185 and 186.

The cause of the exceptionally low plasma cholesterol
levels in CMRD is still not understood. An early study (187),
performed on six CMRD children (mean age 8 + 3 years),
two to three years after their placement on a diet restricted
in long-chain triglycerides and supplemented with me-
dium-chain triglycerides, revealed that they manifested low
levels of both LDL-C (38.0 + 19.4 versus 110.8 + 20.5 mg/dl)
and HDL-C (12.8 + 2.3 versus 59.0 + 11.3 mg/dl). By con-
trast, VLDL-C (27.3 + 11.0 versus 13.0 + 5.7 mg/dl) and
plasma triglyceride (135 + 38 versus 65 + 17 mg/dl) levels
were increased. This increase was ascribed to their sub-
stantially decreased postheparin LPL and hepatic lipase
activities, as they had larger VLDL than the control chil-
dren. In comparison, the CMRD children had smaller
LDL, and these contained more (2.3-fold) triglyceride and
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less (2.5-fold) cholesteryl esters. Their HDL particles were
also smaller (i.e., HDLg size) and contained decreased
(3.4-fold) amounts of cholesteryl esters. Importantly, the
molecular diagnosis of many of these patients was con-
firmed in a subsequent study (188).

Another challenge in understanding the pathogenesis
of CMRD is why functional compensation for Sarlb defi-
ciency is not provided by Sarla, a protein with which it
shares tissue and subcellular distribution, as well as ~90%
amino acid homology (188-190). Itis apparent from struc-
tural studies that most of the amino acid differences be-
tween the two Sarl isoforms reside on one surface of these
two small GTPases at some distance from their GDP/GTP
binding sites (188, 190). Moreover, Sarl exchanges GDP
for GTP on the cytosolic side of the ER membrane, and
this exchange initiates COPII-coated vesicle assembly
(191). Sar1-GTP hydrolysis also regulates assembling COPII-
vesicle fission, along with its captured cargo (192, 193).

On the basis of structural (194, 195), organ bath (187),
histological (179), and of course, clinical data, the current
thinking is that Sarlb is required to promote the transport
of nascent chylomicrons out of the ER in specialized
COPII-transport carriers. Moreover, CMRD patients ho-
mozygous for Sara2 null mutations (described in two fami-
lies) may produce few, if any, of these putative specialized
COPII-transport carriers, whereas patients with mutations
affecting the GDP/GTP binding site of Sarlb (majority of
affected families) may retain some ability to initiate the
assembly of such carriers at the site of chylomicron pro-
duction but not their fission. As such, they also lead to re-
tention of precursor chylomicrons in the ER.

Sortilin: post-ER trafficking of ApoB-containing
lipoproteins

Sortilin, the archetypal member of a mammalian family
of receptors defined by a unique vacuolar protein-sorting
10 domain (196), contains a single transmembrane and a
short cytoplasmic domain composing the typical motifs
that mediate intracellular trafficking events (197-200)
and endocytosis (201-203). Its RNA is expressed at high
levels in several tissues and cell types, including skeletal
muscle, heart, and adipose tissue, but it is expressed at
relatively low levels in the liver (204).

Two groups have investigated how human genetic varia-
tion at the chromosome 1pl13 locus (205, 206), specifi-
cally, Sortilin 1 (Sortl), might influence plasma LDL-C
levels (Table 4). Rader and colleagues (206) showed that
in mice Sort!l overexpression and knockdown decreased
and increased, respectively, total plasma cholesterol and
LDL-C levels, which, at least in part, were attributable to
changes in VLDL-apoB100 secretion. Independently, the
Nykjaer group (205) presented evidence that sortilin in-
teracts with apoB100 in the medial- to trans-Golgi com-
partment, presumably to determine the fate of nascent
apoB100-containing lipoproteins: presecretory degrada-
tion or secretion (Fig. 3) (109-111).

Paradoxically - and important to resolve - is why the
Nykjaer (205) and Rader (206) groups observed opposite
effects of Sortl expression on total cholesterol and LDL-C



levels. There is reason to think that part of the answer may
reside in the different targeting strategies used by the two
groups to “knock out” Sortl, especially as, contrary to ex-
pectation, both SortI-deficient mice were born viable and
showed no gross abnormalities (207, 208). In the “Rader”
mice, two 5 sites were targeted (i.e., intron 1/exon 2,
which encodes the N-terminus of the Vps 10 domain; plus
intron 3) (208), and knockout was deemed successful based
on the absence of detectable sortilin in cell lysates from the
brain, liver, lung, and testis of the knockout animals. In the
“Nykjaer” mice, inactivation was “achieved” by targeting
exon 14, thereby disrupting the reading frame of SortI after
amino acid 564, leaving open the possibility that their mice
may produce a C-terminally truncated form of Sortl.

Consistent with their knockout animals, the Rader
group found that liver-specific Sortl knockdown in chow-
fed “humanized” mice (i.e., Apob48&null/high-apoB100
expressers) increased total plasma cholesterol (46%) and
LDL-C (~220%) levels (206). Similar, but less dramatic,
results were seen in other mouse models (e.g., Apobeclf/f/
Ldf/f), but sadly, no data were presented for apoB48-
only mice, which could have served as a useful control
given the data from Nykjaer and colleagues (205) that
sortilin may only interact with apoB100. On the basis of
ex vivo measurements, the observed dyslipidemia in the
“Rader” Sortl”” mice was ascribed to increased VLDL
secretion.

Important differences in study design could also ex-
plain the reported diametrically opposed effects of high-
level Sort1 expression on plasma LDL-C levels. Rader and
colleagues (206) used “humanized” apoB100-only trans-
genic mice models (i.e., comparable plasma cholesterol
to man through increased apoB-lipoprotein assembly),
while the Nykjaer group (205) used wild-type mice that
express both apo48 and 100 in liver and have ~4x lower
plasma cholesterol levels than man. The two groups also
used different adenoviruses to deliver Sortl. Focusing on
the Rader experiments, Sort! was delivered to chow-fed
mice via an adenovirus vector known to appropriately tar-
get genes for specific expression in the liver. Compared
with the “humanized” mice receiving the null adenovirus
construct, Sortl overexpression led to dramatic drops in
total plasma cholesterol: 70% and 46% at weeks 2 and 6,
respectively. These reductions were paired with a 73% re-
duction in LDL-C (at the 2-week time point) and mark-
edly fewer medium-small and very small LDL particles,
with the peak LDL-particle size increasing from 20.9 nm
to 22.0 nm (P = 0.05). The Sortl construct also induced
reductions in total plasma cholesterol and LDL-C in
other mice models (e.g., Apobec17/7/APOBTG/ldl1’+/7,
—44%, —70%; Apobecl” /ldlr™”", -26%, —29%) at the
2-week time point. Moreover, in all mouse models exam-
ined, high-level SortI expression decreased VLDL secre-
tion (range 30-70%). Potentially pertinent, LDL-C uptake
was increased in HEK 293 cells transiently transfected
with Sort1 (209).

Sort1 genetics.  Sort] resides in a 98 kbp genomic interval
containing multiple SNPs that associate with both reduced
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plasma LDL-C levels (Table 5) and a reduced risk of myo-
cardial infarction in multiple populations, including Euro-
peans (32), Africans (210), and Japanese (211). However,
SNPs displaying the strongest association reside at some
considerable distance from the 3" end of Sortl (Table 5)
and actually closer to MYBPHL, PSRCI, and CELSR2,
which, respectively, encode myosin binding protein H-like
protein, a microtubule destabilizing protein and a non-
classic-type cadherin. Consequently, >1 causal variant(s)
may underlie the LDL-C and myocardial infarction associ-
ation signals, with the causative allele (s) impacting differ-
ently, both quantitatively and qualitatively, and in a
cell-specific fashion to influence these two phenotypes. In
two independent series of liver samples, the Rader group
(206) found that the rare allele at tagging SNP rs646776
(Table 5) was associated with ~10-fold higher levels of
PSRCI and SORTI mRNA (P values for PSCRI: 2 x 107",
9 x 107; SORTI: 2 x 10™", 1 x 10™"), a finding that both
prompted and is consistent with their rodent Sort study
results. In comparison, no SNP and transcript associations
were detected in adipose tissue.

Trib1: primary role in hepatic lipogenesis modulates
VLDL production

Tribl, a homolog of Drosophila tribbles, is evolutionarily
conserved in mouse and humans (212). It expression is
ubiquitous and certainly includes the liver (213) and coro-
nary arteries (214). Indeed, preliminary data indicate that
Tribl expression is elevated in the coronary arteries of pa-
tients with advanced CHD (214).

Drosophila tribbles regulates String activity and, hence,
mitosis during ventral furrow formation (212). Much
more interesting, however, for the present discussion, is
the Tribl modulation of mouse liver levels of mRNA en-
coding three key enzymes of lipogenesis (acetyl-CoA car-
boxylase, fatty acid synthase, and stearoyl-CoA desaturase
1) and of plasma cholesterol and triglyceride concentra-
tions (213). Specifically, when Burkhardt et al. (213) in-
duced high-level Trib1 expression in mice livers (i.e., using
the appropriate AAV8 adenovirus vector), plasma choles-
terol and triglyceride levels fell by ~45% and ~57%, re-
spectively. Similar decreases were also observed in
Ldlr”" animals (27% and 34%), as well as in humanized,
transgenic apoB100 mice on a background of LDLR-hap-
loinsufficiency (256% and 26%). Furthermore, in these
mice, the 7Tribl-induced reductions in cholesterol and
triglyceride were paired with reduced apoB (23%), indica-
tive of an overall reduction in the number of plasma apoB-
containing lipoproteins. In comparison, 7TribI-deficient
mice had elevated plasma cholesterol (54%) and triglycer-
ide (33%) levels and increased numbers of circulating
VLDL and LDL particles. Importantly, the triglyceride
phenotype was largely reversed by high-level hepatic Trib1
l expression (via use of adenovirus construct), suggesting
that the elevated triglyceride levels in the Tribl-deficient
animals was specifically attributable to the lack of hepato-
cyte Tribl mRNA. Moreover, restoration of 7Tribl expres-
sion decreased VLDL-triglyceride production to control
levels.
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The association of mouse Tribl overexpression or under-
expression with plasma cholesterol and triglyceride levels is
clear-cut, but the underlying mechanisms are much less so.
The data imply modulation of lipogenic gene expression in-
fluences the amounts of lipid available for VLDL secretion
(Fig. 3), but understanding the relative importance of each
enzyme affected, and how, must await further research.

Downstream TRIBI variants associated with decreased
LDL-C. Table 5 shows that the variants assigned to TRIB1
reside at some distance from its 3" end (32, 211, 215).
However, results in mice make this assignment plausible,
especially as the variant (or allele[s] in D) is associated
with both plasma cholesterol and triglyceride levels. Indeed,
in a Japanese study, the estimated effect on LDL-C and trig-
lyceride levels returned exactly the same standardized
coefficient (0.04) (211). However, the demonstration that
TRIBI mutations cause either combined hyperlipidemia
or FHBL (gain-of-function) in non-apoB/ PCSK9/ANGPTL3
patients would help reinforce the importance of TRIBI in
the lipid arena.

ADH-1

Class 3 &4 @

ADH-2 ARH

Class 2 T

Class 1

Cholesterol
release

RECEPTOR-MEDIATED CATABOLISM OF
LDL-PARTICLES

All known causes of monogenic hypercholesterolemia,
whether it be autosomal dominant (ADH) or recessive hy-
percholesterolemia (ARH) involve mutations that block
cellular cholesterol uptake via the LDLR pathway (Fig. 4,
Tables 6, 7). Starting with familial hypercholesterolemia
(FH or ADH-1, [OMIM #606945]), five major classes of
LDLR mutations can be discerned through functional as-
says that probe the integrity of production and the indi-
vidual cellular properties of the encoded gene product
(216-219). These are (¢): production of the 893 amino
acid protein; (7) its transport to the cell surface; () li-
gand binding at neutral pH; (i) delivery of LDLR (consti-
tutive endocytosis) and LDLR/ligand complexes to
endosomes, where acidic conditions and low free calcium
concentration promote ligand release (220); and (v) recy-
cling of LDLR to the cell surface for further rounds of
lipid uptake. The all-important mechanisms regulating
the egress of lipoprotein-released cholesterol from late
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Fig. 4. Schematic overview of the cellular processes mediating LDL-C uptake and genetic disorders. Five major classes of LDLR mutations
cause ADH. The mutations prevent (#) production of immunologically detectable protein; (i7) ER exit of encoded gene product: complete
(a) or partial (b); (i) binding of apoB100 (a) and apoE (b) ligands; (iv) constitutive endocytosis, including of LDLR-apoB100 (a) and of
VLDL-apoE (b); and (v) release of internalized LDLR ligand (not shown for clarity). ADH-2 is caused by APOB mutations that block the
binding of apoB100 to the LDLR. The precise residues of the LDLR-mediating apoB100 binding are not known, but at the neutral pH of
the cell surface, it seems to involve four of the cysteine-rich, complementlike repeats (R3-7, each ~40 amino acids) and the B-propeller
(YWTD, Fig. 5B) within its extracellular domain (118, 217). The ARH gene product LDLDRAP1 interacts with both the C-terminal
0% DNPVYéW internalization motif of the LDLR plus the clathrin-coated pit machinery to mediate heyatic uptake of LDLR/LDL-apoB100
complexes but not of LDLR-VLDL-remnant complexes, which are internalized via an “°FDNPVY" -independent mechanism. ADH-3 is
caused by gain-of-function PCSK9 mutations. Loss-of-function mutations/variants increase LDLR recycling to the plasma membrane and,
hence, LDL-C/VLDL clearance from the circulation. The ADH-3 gene product PCSK9 undergoes autocleavage in the ER (not shown), an
event that occurs between amino acids Q152 and S153, and it requires the canonical triad of catalytic residues (D186, H226, and S386).
The cleaved prodomain forms a tight complex with the catalytic (amino acids 153-451) and C-terminal (452-692) domains of newly cleaved
PCSK9, and this complex is secreted into plasma. At the cell surface, PCSK9 binds in a calcium-dependent manner the EGF-like repeat A
in the EGF domain of the LDLR (361). The mutant PCSK9 D374Y protein binds cell surface LDLR ~30-fold more tightly than wild-type
PCSK9 (362). Moreover, in the acidic pH of endosomes (and in marked contrast to wild-type PCSK9) it remains exclusively in a high-affinity
LDLR-PCSK9 complex, preventing LDLR recycling back to the plasma membrane. PCSK9 may serve to target LDLR to the lysosome for
degradation. Other mechanisms of PSCK9-mediated degradation of LDLR are outlined in Ref. 327. Red, loss-of-function mutation; green,
gain-of-function mutation.
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TABLE 6. Monogenic disorders of LDI-cholesterol clearance: representative phenotypes

Age TC LDL-C HDL-C TG CHD Comment/
Reference Disorder (Gene) Mutation® N (years) (mg/dl) (mg/dl) (mg/dl)  (mg/dl) (%) Differential Diagnosis
(245) ADH-1(LDLR) Hm-null 14 13+12 826+125 768+125 31+7 129+37 71 ADH-1 Hm-null
Hm-defective 26 28+ 16 660+ 108 604+106 31+9 114+46 62 most severe. ARH
ARH Hm p.W22X and/ 42 31+13 629+95 566+94 44+8 97+34 41 similar to ADH-1 Hm
(LDLRAPI) or p.H144QfsX26 defective.
(54) ADH-1(LDLR) Henull 43 56+13 432+64 351+61 54+15 138+61 42 Htdefective is less
Ht-defective 13 54 +15 354+£51 277+45 52+14 128+62 15 severe than Ht-null
(246) Htnull 48 42 404+86 326+84 51+16 116 27 (lipids and CHD
Ht-defective 62 43 379+78 296+79 bH5+14 118 13 incidence).
(378) Htnull 172 11 311 247 49 49 73 b
Hit-defective 202 11 287 224 71 b
(380) Htnull 123 9+5 305 237 5153 75 62°
Ht-defective 77 105 258 193 72 32"
(381) ADH-2(APOB) Hm p.R3500Q 1 34 394 329 45 95 100 Hm ADH-2 less severe
(295) Ht p.R3500Q 23 46 344+46 259+46 54+12 124+44 9 than both forms of Hm
(246) ADH-1 but similar to Ht
receptor-defective ADH-1.
Additive effect of
mutant alleles
Hm p.R3500Q 2 59+6 391+18 327+5 56«15 NA 50 4.41-fold higher odds
Ht p.R3500Q 106 42+15 260+49 193+43 bH4+14 NA 3 [95% CI 2.69-7.21] of
having detectable CAC
in carriers versus
noncarriers.
Ht p.R3500Q 11 43 349+ 67 263+61 H59=+14 95 9
(339) ADH-3 (PCSK9) Ht p.S127R 18 34+14 365+58 277+58 NA NA NA 2 families
(382) Ht p.D374Y 6 24+14 416+97 350+98 43+11 99 +47 0 2 families
(383) Ht p.D374Y 13 21 +15 526+112425+159 46+15 151 +44 46 4 families
(299) ADH1/ADH-2 p-W66G/p.R3500Qp. 11 10 649 583 NA NA NA 100 Mutations have an
(LDLR/APOBY E207K/p.R3500Q 55 479 411 NA 100 additive effect.
(300) p.L479P/p.R3500Q 1 12 340 162° 54 15 0
(301) p-D206E/p.R3500Q 6 27+16 509 +111 446+110 38+13 11158 0
(343) ADH-1/ADH-3 p-E228K/p.R496W 1 35 580 518 50 60 100 Mutations have an
(LDLR/PCSKY p-Y419X/p.N425S 1 62 487 405 70 61 100 additive effect.
p-Y419X/p.N425S 1 48 522 445 48 148 100

Age and lipid levels are means + standard deviation where applicable. Hm, homozygous; Ht, heterozygous.

“ Effect of mutation on protein is given.

" A subset of individuals with receptor-null alleles had greater mean carotid intima-media thickness, a marker for atherosclerosis and future
cardiovascular outcome, than those with receptor-defective alleles (difference, 0.020 + 0.01 mm; P=0.01) (379).

‘ Incidence of CHD relates to family rather than to individual.

? Levels measured while patient treated with lipid-lowering medication.

‘ Father died of early myocardial infarction.

/Individuals heterozygous for both mutations.

endosomes and lysosomes to other cell compartments regulate LDL-C levels through effecting an LDL-

(221-223) are beyond the scope of this review.

One of the following sections provide a critique of what
is and isn’t known about the binding of LDL-apoB to the
LDLR; the identities of mutations known to cause familial
defective apoB (FDB or ADH-2, [OMIM #144010]); and
the common NS coding sequence variants that might

apoB100:LDLR interaction(s). Another section covers the
ARH gene product LDLR-associated protein 1 (LDL-
RAP1), a clathrin-associated sorting protein that ushers, in
a cell-specific fashion, LDLR-LDL complexes into clathrin-
coated structures (Fig. 4), describing the clinical and phe-
notypic (Table 6) presentation of this rare recessive

TABLE 7. Influence of APOE and APOB polymorphisms upon LDL-C levels in heterozygous ADH-1 patients
Reference Age Group” Modifier N LDL-C (mg/dl)
(253) Children £2e3 13 205 + 30

£3e3 36 254 + 48
(254) Adults £282/£2¢e3 47 258 £ 9
£3e3 425 282+ 4
e2e4/e3e4/e4e4 98 309+ 7

(252) Adults £262/£263 288’ 299 = 11
£3e3 311+6
e3e4/e4e4 313+8
(254) Adults APOB c.-516 C/C 327 280 + 4
APOB c-516 C/T 131 291 +6

APOBc.-516 T/T 16 351 + 16

“ Children < 15 years old.
" Total number of study individuals=288.

Biological and genetic classification of LDL dyslipidemias
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disorder. The fourth section focuses on determinants of
PCSK9-regulated recycling of LDLR to the plasma mem-
brane (Tables 6, 8), a process that is defective in ADH-3
([OMIM #607787], Table 6) and enhanced in PCSK2de-
fective FHBL (Table 9). We also point out differences in
lipid phenotypes that aid the differential diagnosis of this
seemingly rare condition, apoB-specific FHBL, and
ANGPTL3-combined hypolipidemia (Tables 4, 9). The
final section touches upon the inducible degrader of
LDLR (IDOL), an E3 ubiquitin ligase that stimulates
LDLR degradation through ubiquitination of its C-termi-
nal domain, thereby limiting the cellular uptake of LDL
and VLDL.

Cataloguing LDLR mutations in ADH-1: cautionary tales
and update

The large number (n = 1100+) of LDLR variants found
in ADH-1 patients prompted the development of a data-
base (http://www.ucl.ac.uk/ldlr) (224) that contains in-
formation regarding their segregation in families,
geographic origins, and predicted effects on encoded
gene products (224). Importantly, the database now holds
the same information for the rather fewer PCSK9 and LD-
LRAPI variants found in ADH-3 and ARH patients, respec-
tively (225).

The ADHI1:3/ARH database also provides information
on mutational heterogeneity across specific populations
and communities. In countries such as France (226) and
Holland (227), >100 different LDLR mutations cause
ADH-1, whereas in other countries, only one or two muta-
tions are responsible (228-230). For example, in Ashke-
nazi Jews, the LDLR c.652-654 del GGT mutation (G197del
mutation in mature protein) is by far the most common
cause of ADH-1 (230). In fact, genetic analyses indicate
that the most recent common ancestor bearing this muta-
tion dates back to the start at the 14th century at the found-
ing of the Jewish community in Lithuania (230). Similarly
most (>80%) Lebanese ADH-1 patients have the ¢.2043
C>A (Cys660X; known as Lebanese allele) mutation
(228).

It is important to emphasize that certain sequence vari-
ants entered into the ADH1:3/ARH database will have no
pathogenic consequences, despite their cosegregation
with hypercholesterolemia. For example, a sequence vari-
ant in the donor splice region of intron 14 (c.2140 +5
G>A) was originally deemed to be pathogenic, as it oc-
curred in a number of ADH-1 patients from different
backgrounds (e.g., Dutch, Austrian, Canadian) (231).
However, subsequent studies revealed that it was present
at comparable frequencies in ADH patients from the Si-
mon Broome Register and healthy white men from the
Northwick Park Heart Study II (0.022 versus 0.013, P =
0.23) (232). Moreover, RNA analysis on mononuclear cells
from an ADH patient revealed that it had no effect on
LDLR pre-mRNA splicing (233), whereas DNA sequencing
showed that some ADH patients with this so-called muta-
tion had, on the same chromosome, real pathogenic LDLR
mutations (234). Thus, although the ADHI1:3/ARH data-
base is an extremely valuable tool for those interested



TABLE 9. PCSK9 deficiency: representative lipid levels in an African American Family and an Italian family

Lipid/Lipoprotein Levels (mg/dl) (Percentilel’)

Population
(Reference) Subject (Age”) Mutation State Mutation TC LDL-C TG HDIL-C TC:HDL-C
African Proband (53) Heterozygous pYI42X 96 (<1V) 39 (<I') 88 (25") 44 (55™) 2.18

American  Partner (51)  Heterozygous — p.R97del

144 (<1") 49 (<1") 51 (<1‘“2 88 (90")  2.82

(345) Daughter (32) Compound p.R97del/ 96 (<1™) 14 (<1%) 119 (70™) 65 (80™)  1.47

Heterozygous  p.Y142X

Daughter (28) Wild-type None

152 (20™) 80 (15™) 92 (55™) 59 (65™)  2.57

Grandson (6) Heterozygous — p.YI142X 106 (<1%) 30 (<I) 77 (75") 65 (75™)  1.63

Granddaughter ~ Wild-type None
(13)

Italian (346) Proband (34) Heterozygous p-A68

PfsX15

Father (67)  Heterozygous p-A68

PfsX15

Mother (59) Wild-type None

Son (3) Heterozygous p-A68

PfsX15

Paternal Aunt Heterozygous p-A68

(62) PfsX15

174 (60™) 104 (60™) 110 (75") 55 (65")  3.16

114 53 NA NA NA
182 82 NA NA NA
116 58 NA NA NA
147 87 NA NA NA
196 95 NA NA NA

“ Age in years.

Percentile values are derived from comparisons with age- and sex-matched African American controls.

NA, not available. Probands are highlighted in bold.

in the molecular genetics of monogenic hypercholester-
olemia, in vitro (e.g., heterologous cells systems), ex
vivo (i.e., fibroblasts and/or lymphocytes from affected
patients), or solid phase binding assays (218) should be
performed on variants contained therein to demonstrate
their pathogenic effects.

The relatively new multiplex ligation-dependent probe
amplification assay technique has greatly facilitated the
identification of LDLR deletions/insertions and rear-
rangements in ADH-1 patients (226, 235-240). In a Polish
sample, this technique revealed that duplication of exons
4-8 was the second most common cause of ADH-1, affect-
ing 4.2% of such patients (235). Additionally, in French
ADH-1 patients (n = 1003, recruited from 11 regions of
France), major rearrangements (n = 19) were found in
9.7% of the sample (226). As such, screening for large re-
arrangements of the LDLR is now recommended for the
molecular diagnosis of ADH-1.

One of the most interesting observations on the molec-
ular pathology of LDLR mutations concerns the patho-
genic effects of apparently silent coding sequence variants,
which can be easily overlooked. For instance, screening a
series of patients with a definite clinical diagnosis of mo-
nogenic hypercholesterolemia led to the identification of
two single-nucleotide substitutions, ¢.621 C>T (G186G in
mature protein) and ¢.1216 C>A (R385R in mature pro-
tein) (241, 242), which were correctly predicted in silico
to be pathogenic. Thus, the ¢.621 C>T transition intro-
duces a new donor splice site, resulting in an in-frame 75
bp deletion (Gly 186 to Cys 210) from the mature mRNA
(242), whereas the ¢.1216 C>A transversion creates a new
acceptor site, resulting in formation of a truncated prod-
uct (241). Hence, it is possible that in silico analysis is also
correct in predicting that other silent LDLR coding se-
quencing variants [i.e., ¢.1813 C>T (L695L) and c.2140
G>C (E714E)] also cause ADH-1 through aberrant pre-

mRNA splicing (226). Furthermore, we now appreciate
that even mutations predicted to lead to an amino acid
substitution may actually cause ADH-1 through aberrant
splicing. One such example involves the ¢.2389 G>T trans-
version (last nucleotide of exon 16; V776L). Examining
patients’ blood mononuclear cells revealed they produced
an abnormal mRNA devoid of exon 16 (233), demonstrat-
ing the importance of functional analyses to establish the
molecular mechanism by which pathogenic mutations ex-
ert their effects.

Finally, Civeira et al. (243) have highlighted the impor-
tance of screening for LDLR mutations in people who have
personal and family lipid profiles indicative of familial
combined hyperlipidemia (FCHL). In their series of 143
unrelated patients, which they acknowledged had an in-
herent selection bias toward those with more severe lipid
abnormalities and therefore might not be representative
of FCHL patients in the general population, the frequency
of LDLR mutations was 19.6%. “FCHL” patients with a
LDLR mutation (n = 28) had higher mean total choles-
terol, LDL-C, and apoB and nonsignificantly lower triglyc-
eride levels (e.g., cholesterol: 357 + 54 versus 318 + 56 mg/
dl, P =0.001; triglyceride 248 (217-361) versus 301 (226-
464) mg/dl, P = 0.059) than those who did not. Thus,
41.7% of the 48 patients (i.e., 20) in their series with a to-
tal cholesterol or apoB >335 and 185 mg/dl, respectively,
had a LDLR mutation, compared with 8.8% (i.e., 8/91)
who had values below these levels. Although there is no
formal proof that all of LDLR mutations found by Civeria
et al. (243) were pathogenic, their study clearly demon-
strates that screening for LDLR mutations should be per-
formed in patients with a clinical diagnosis of FCHL who
have very high total cholesterol and apoB levels.

Genotype-phenotype correlations in ADH-1. One of the
most challenging issues in ADH-1 pathology is defining
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the relationship among causative mutations, the associ-
ated biochemical disturbance (e.g., elevated LDL-C), and
clinical/preclinical phenotypes, such as premature CHD,
tendon xanthomas, and asymptomatic atherosclerosis.
The problem arises in large part from the low frequency of
each individual causative mutation encountered in geneti-
cally heterogeneous populations combined with patient
ascertainment bias. One simple approach for overcoming
this problem is to subdivide mutations into two broad cat-
egories: null alleles (also designated “LDLR-negative” mu-
tations that are expected to completely abolish LDLR
functions) and defective alleles (designated LDLR-defec-
tive mutations; i.e., variable, residual LDLR functional ac-
tivities) . Using these criteria, we compared LDL-C levels in
both homozygous and heterozygous Italian patients (244).
For homozygous patients, the different impact of muta-
tion type was clearly discernible (Table 6) (245), with the
LDLRnull patients having markedly higher LDL-C levels.
Similarly, the heterozygous LDLR-negative subjects had
higher LDL-C levels and a 2-fold higher prevalence of ten-
don xanthoma and CHD than did the LDLR-defective pa-
tients. Likewise, heterozygous Spaniards with a null allele
(n = 269; mean age 43 years) had ~30 mg/dl higher
LDL-C and ~2-fold increased prevalence of tendon xan-
thomas and CHD than did LDLR-defective patients (n = 162,
mean age 46 years). Additionally, in this population, null
allele ownership was documented to be associated with
more advanced femoral atherosclerosis (246).

Intriguingly, data suggest that the differential effects of
LDLRnegative and defective alleles on LDL-C levels are
diminished by the B-thalassemia trait (247). Sardinians
with this trait and a null LDLR allele (i.e., Fs572 mutation)
had lower LDL-C than those with just the Fs572 mutation
(222.7 £ 41.8 mg/dl versus 319.0 + 64.2 mg/dl, P< 0.001).
Additionally, the one ADH-1 Sardinian with this null mu-
tation and full-blown B-thalassemia had the lowest plasma
LDL-C of all (100.9 mg/dl). Similar findings were also evi-
dent when the analyses were extended to include LDLR-
defective patients. Allelic heterogeneity, however, precluded
an accurate estimate of the effect of the B-thalassemia trait
on LDL-C levels in these patients.

Considering the biological basis of the thalassemia-
LDLR interaction, two reports implicate high-erythropoi-
etic activity, with the authors concluding that substantial
amounts of cholesterol are utilized during active eryth-
ropoiesis (248, 249). Shalev et al. (249) observed that
patients with chronic anemia associated with high-erythro-
poeitic activity (e.g., thalassemia intermedia) had signifi-
cantly lower plasma total cholesterol, LDL-cholesterol,
and HDL-cholesterol levels (80 + 19, 35 + 14, 31 + 10 mg/
dl) than did patients with low-erythropoietic activity ane-
mias (139.75 + 15.86, 82.33 + 17.85, 49.38 + 12.86 mg/dl)
and healthy controls (156.80 + 35.69, 83.10 + 32.52,
51.95 + 10.88 mg/dl). Moreover, whereas all patients with
chronic anemia and increased erythropoietic activity had
hypocholesterolemia, none with low erythropoietic activ-
ity did. Hence, it is rather disappointing, particularly given
the relatively high incidence of hemoglobinopathies in
Tunisia (250), that the unexpectedly mild lipid phenotype
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in their heterozygous Tunisian ADH-1 patients (total and
LDL-cholesterol: 272.2 + 54.1 and 216.6 + 42.5 mg/dl, Ta-
ble 6) was not investigated in terms of their thalassemia
status, especially as homozygous Tunisian ADH-1 patients
have the expected severe phenotype (total and LDL-cho-
lesterol levels of 677.5 + 120.7 and 623.0 + 119.5 mg/dl,
respectively) (251).

As highlighted in Table 7, apoE isoforms &2 (rs7412)
and &4 (rs429358) may influence the effect of LDLR muta-
tions on LDL-C levels in both children and adults (252-
254), consistent with structural (255, 256), functional
(257) and nonADH-1 genetic (Table 8) data. Thus, in (ap-
parently unrelated) heterozygous ADH-1 French-Cana-
dian children with the same 15 kb+ deletion null allele,
those with an apog2/3 genotype had markedly lower total
plasma cholesterol, LDL-C, and apoB levels than apoe3
homozygotes, whereas LDL-C levels in children from the
general population who had an apoe2/3 genotype were
only decreased by 17.4 mg/dl (253). The ADH-1 adult
studies also point in the same direction as young children
studies, albeit with a more modest LDL-C lowering effect
(252, 254). Conversely, €4 allele (rs429358) ownership in
the adult ADH-1 cohorts was associated with elevated
LDL-C: 26.7 mg/dl in the Italians and 2 mg/dl in the Finn-
ish (Table 7), consistent with population data (Table 8).
By analogy, variants at the apol/CI/C4/C2 gene cluster,
other than the 2 and &4 alleles, are also likely to influence
LDL-C levels in ADH-1 patients (Table 8); including one
(i.e., r1s35136575) modulating apo gene expression, given
its location in an hepatic apok/Cl/C4/C2 control region
(258).

Intriguingly, not only the magnitude but also the very
direction of the effect of specific apoE isoforms on plasma
cholesterol levels in response to a high-fat, Western type
diet is likely to depend on a number of factors, including
their interactions with prevailing levels of proteoglycans
(259-261), LDLR-related protein 1 (262), and LDLR at
the hepatic cell surface. Supporting evidence for this
proposition derives from the study of transgenic apoE and
Ldlrmice (257, 263, 264) in which native apoEwas replaced
by human APOE isoforms and an endogenous murine Ldlr
allele was replaced by a human LDLR minigene to pro-
duce mRNA transcripts with a longer halflife. When ex-
posed to a Western-style diet, apoe4/4 mice expressing
~2-3-fold higher levels of LDLR developed higher plasma
cholesterol concentrations than those with baseline LDLR
expression (187 + 19 versus 124 + 8 mg/dl), whereas
apoe3/3 littermates displayed the expected decrease (72 =
8 versus 114 + 12 mg/dl; P< 0.0001 for LDLR x ApoE iso-
form interaction). Similarly, in an independent experi-
ment (263), the dyslipidemia of chow-fed apoe2/2 mice
(plasma cholesterol 268 + 12 mg/dl; triglyceride 157 + 22
mg/dl) was normalized (plasma cholesterol 83 + 4 mg/dl;
triglyceride 40 + 5 mg/dl) by constitutively high LDLR ex-
pression. Additionally, the cholesterol-elevating effect of
the Western-style diet (cholesterol 546 + 30 mg/dl) was
ameliorated (172 + 43 mg/dl). Through follow-up analy-
ses, Maeda and colleagues (257) were able to conceptual-
ize the counter-intituitive apoe4/4 results in terms of
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Fig. 5. Alignment of representative human ApoE sequences in the region critical for binding to the LDLR
and LRP1 and proposed model of binding. (A) The amino acid residue (C158) that distinguishes apoE 2
and &3 resides in the fourth helix (amino acids 130-164) of the N-terminal four-helix bundle (amino acids
24-164). In the lipid-free state, R158 (&3 and e4) forms a pair of salt bridges with amino acid residues E96
and D154 (256). Its removal in apoE &2 induces a compensatory reorganization; e.g., D154 forms a salt
bridge with R150 changing the charge of one local surface (amino acids 140-150) presented to the LDLR
(363). Structural and site-directed mutagenesis indicate that the side chains of amino acid residues K143 and
K146 make important contribution to LDLR binding (363). The naturally occurring apoE £3:K146E muta-
tion [ (commonly referred to as apoE e1-Harrisburg (K146E) ] causes a dominantly inherited form of dyslipi-
demia characterized by markedly raised plasma levels of total- and VLDL- (but not LDL-) cholesterol,
triglycerides, and apoE (364, 365). The mutant protein has markedly reduced ability in vitro to bind to the
LDLR and to displace LDL (7.7% activity of apoE &3) from the surface of human fibroblasts (266, 366).
Binding to proteoglycan in vitro is also reduced (i.e., to ~10% and 20% of apoE €3 and &2, respectively)
(266). The C112R substitution in apoE &4 occurs in the third helix (87-122) of the four-helix bundle, where
it modifies the packing between the N-terminal (amino acids 1-191) and C-terminal (amino acids 216-299)
domains (367, 368). In apoE &4, changes to the local structure around amino acid 264 enhance lipid bind-
ing, and this isoform binds more avidly to VLDL than apoE &3 but less strongly than apoE &3 to HDL; (369,
370). (B) Two distinct binding events are envisaged to cement the interaction between apoE and the LDLR
(371). In the Guttman model (371), the cysteine-rich, complementlike repeat (CRCLR) 4 of the LDLR in-
teracts with the charged surface presented by amino acids 140-150 of apoE (pink diamond), whereas the
CRCLR5 binds to a distinct epitope (blue square) that is only exposed when bound to a lipoprotein. Amino acids
E3 (372) and R172 (372, 373) may form part of this second binding site. In comparison, the high-affinity
binding between lipid-bound apoE (130-149) and CRCLR of LRP1 (374, 375) is explained in terms of an
avidity model: in essence, the strong interaction is envisaged to derive from the culmination of multiple weak
interactions between apoE and the CRCLR of LRP1. ApoE residues E131, E132, V135, A138, and K143
(fourth helix) form the interface between apoE (130-149) and CRCLR 17 of LRP1 (375). LRP1, in contrast
to the LDLR, in vitro binds lipid-bound apoE &2 with as equal affinity as lipid-bound apoE &3 (376).

hepatic sequestration of apoE, chlyomicron- and VLDL- glycan than either apoe3 or apoe2 (Fig. 5A) (261), it is

remnants on the surface of hepatocytes, and their subse- poorly internalized and recycled (265). In the face of con-
quent internalization. In essence, although apoe4 has a stitutively elevated LDLR expression, the effect is to reduce
greater affinity for the LDLR and heparan sulfate proteo- apok availability for transfer to nascent chylomicrons and
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VLDL (either directly or indirectly via HDL) that ulti-
mately enables the cellular uptake of cholesterol-rich lipo-
proteins (i.e., LDL and remnant particles), for example,
by the LDLR and LRP1 (Fig. 5B). Apos2 and &3, on the
other hand, with their reduced affinity for the LDLR (Fig.
5A) are compatible with elevated LDLR expression reduc-
ing plasma cholesterol levels. The big question, of course,
is how this rodent model translates in man and, in particu-
lar, whether the relatively low plasma cholesterol levels
seen in most (~95%) apoe2/2 individuals (Table 8) is
mechanistically linked to the increased availability of this
isoform for transfer to circulating lipoproteins in spite of
its lower affinity (i.e., on human fibroblasts: 8.5 + 1.0% of
apoe3 (266) for the LDLR). Clearly, detailed in vivo kinet-
ics will be crucial.

The GLGC study also substantiates our observation that
a particular APOB allele (or allele in LD) has a LDL-C el-
evating effect in people with LDLR mutations (254). We
found that heterozygote ADH-1 patients with the rare al-
lele at SNP site rs934197 (-516 C>T), which is in strong LD
with the T71I variant (Table 5), had higher LDL-C levels
than noncarriers; specifically, 11 mg/dl in the heterozy-
gous apoB ADH-1 patients and a staggering 71 mg/dl hike
in the apoB homozygotes (Table 8), a result that warrants
further clinical and laboratory investigations.

Finally, it is important to appreciate the data from Tyb-
jaerg-Hansen et al. (267) that suggest the effect of LDLR
mutations on LDL-C levels in patients seen within a clini-
cal environment may be overestimated. On genotyping
9,255 adults from the general Danish population for the
three LDLR mutations [W23X, W66G, and W556S (Class
2A, Fig. 3) that explain >40% of all clinical cases of ADH-1
in Denmark], the heterozygous carriers (n = 6) had, re-
spectively, 112 mg/dl and 147 mg/dl higher total plasma
cholesterol and LDL-C levels than had the general popula-
tion noncarriers, whereas the same mutations in ADH-1/
CHD patients (3/948) increased values by 158 mg/dl and
162 mg/dl, respectively. Furthermore, ADH-1 patients
(28/63) with a clinical diagnosis of monogenic hypercho-
lesterolemia had increases of 189 mg/dl and 205 mg/dl.

Mechanistic insights. Conventional wisdom is that the
LDLR primarily serves to mediate the uptake of extracel-
lular lipoproteins, primarily LDL, and that disruption of
this uptake explains the higher plasma LDL-C levels in
LDILRnegative patients compared with those with a LDLR-
defective allele. However, it now appears that this differ-
ence is not solely ascribed to failure of apoB100-mediated
uptake of lipoprotein particles; it also includes significant
contributions from both increased net secretion of VLDL
and decreased clearance of VLDL catabolic by-products
(268-271).

In outline, metabolic studies have established that
VLDL-apoB100 production/secretion is increased in LD-
LRnegative patients (270, 271) and that in mice, the
LDLR preferentially directs small, poorly lipidated apoB
particles to a post-ER compartment for degradation (268,
269). Thus, Tremblay et al. (271) showed that the produc-
tion/secretion of VLDL-apoB100 was increased by 50%
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and 109%, respectively, in six heterozygote patients and
one homozygote individual that had the same LDLR-null
allele. Likewise, Millar et al. (270) found a 68.8% increase
in heterozygous LDLR-negative patients with the Lebanese
C660X mutation (Class 2A, Fig. 4) but not in LDLR-defec-
tive patients (increase 21.2%; P= 0.48, for difference from
controls). Likewise, compared with control livers, the liv-
ers from homozygous LDLR”~ and C678Y (LDLR retained
in ER) mice have increased net secretion of apoB48- and
apoB100-containing lipoproteins (268), whereas hepato-
cytes expressing LDLR mutant Y807C, which does reach
the cell surface, do not. In fact, through a series of cleverly
designed experiments that employed a LDLR mutant (i.e.,
1140D) defective in apoB, but not apokE, binding and inter-
nalization (Class 3A, Fig. 3), Blaisole et al. (268) reached
the conclusion that the LDLR regulates VLDL-apoB secre-
tion through selective (re)uptake of (VLDL-bound) apoE
(Fig. 5). Moreover, this uptake and that of 3-VLDL (272),
in contrast to the LDL-apoB100 ligand, is mediated via a
VLDL-induced 8OzFDNPVng-independent internalization
mechanism (s).

Common LDLR variants associated with LDL-C levels. From
the perspective of increased understanding of how LDLR
transcript functionality is regulated, two independently
segregating SNPs are noteworthy (Table 8). In multiple
German and British population samples, the rare allele at
SNP site rs2228671 displays association with decreased
LDL-C (273) and CHD risk. Moreover, because adjust-
ment for LDL-C levels by logistic regression and Mende-
lian randomization models abolished the rs2228671 and
CHD signal, the data point to a link between the rare al-
lele at this SNP site [or allele(s) in LD] and a lifelong re-
duction in LDL-C levels and CHD risk. In the GLGC
cohort, the rs6511720 rare allele (which tags rs2228671)
also displayed strong association with decreased LDL-C
levels, with the estimated effect size being larger than
those observed for APOB, SORTI, and TRIBI variants
(Tables 5, 8).

The story of the second LDLR variant (rs688) started
with an in silico prediction that the rare allele at this SNP
site neutralizes a putative exonic splicing enhancer within
exon 12. Estus and colleagues (274, 275) then went on to
show that the splicing efficiencies of minigene-derived
transcripts containing the rare allele were, relative to
common allele bearing transcripts, decreased by ~9 and
15% in both HepG2 and SH-SY5Y (neuroblastoma) cells.
Additionally, in human tissue samples, the rare variant
was associated with less efficient exon 12 splicing: in fe-
male, postmortem liver and male anterior cingulate re-
gion of brain, the decreases were 8.6% (P = 0.024) and
8% (P =0.041), respectively. Consistent with a potential
reduction in LDLR protein production, the GLGC study
associates the rs688 rare allele with increased LDL-C (32)
(Table 8), wheres Estus and colleagues (275) present evi-
dence of association with Alzheimer disease in elderly
men [recessive model, OR 1.49, (95% CI 1.13-1.97), P =
0.005] but not in women, leading them to speculate that
the rare rs688 allele decreases exon 12 splicing efficiency



in vivo, leading to reduced functional LDLR and
apoE clearance, increased amyloid pathology, and risk of
Alzheimer disease.

Binding of LDL-apoB100 to LDLR

General acceptance that an apoB100-LDLR interaction (s)
initiates the uptake of LDL-C stands in marked contrast to
our level of ignorance over the precise molecular contacts
that apoB100 makes with this receptor. Therefore, critical re-
view of exactly what is known seems timely.

Early antibody studies mapped potential binding se-
quences to amino acids 2835-4189 (276-278), whereas
comparisons with the apoE-LDLR-ligand binding sequence
(Fig. 5) suggested two prime candidate regions: peptides
A, amino acids 3147-3157 and B, 3359-3367 (279). How-
ever, despite extensive sequencing of the exonic region
encoding these two apoB regions, no LDL-C raising muta-
tions/variants have been identified in either region. Ad-
ditionally, data from mice regarding the functional
importance of peptide B in vivo are equivocal. Promis-
ingly, Boren et al. (280) found that mutant human recom-
binant LDL containing amino acid changes in peptide B
of the putative LDLR-apoB100 binding region (i.e.,
R33598, R3362S, K3363A, R3364S, and R3367S) competed
far less efficiently with labeled human plasma LDL for
binding to human fibroblasts in vitro than similarly de-
rived control recombinant human LDL. However, data
regarding the effects of the defective mutant LDL binding
on plasma LDL-C levels in their mice were conspicuous by
their absence. Moreover, even the in vitro data could con-
ceivably be explained by the introduced mutations per-
turbing LDLR binding residues/motifs outside the
hypothetical peptide B region. The more recent mice
studies of Johnson etal. (281) serve only to underscore the
current ignorance of the apoB100-LDLR binding mecha-
nism. They showed that Ldlr” “/Apobecl /" mice expressing
recombinant apoB100 with two foreign peptide sequences
in place of peptides A and B had lower, rather than the
expected higher, LDL-C than mice expressing control, re-
combinant apoB100. Investigations revealed that the mu-
tant apoB mice were secreting abnormally large VLDL
particles overendowed with apoE, which were cleared
more rapidly from the circulation than control VLDL-
apoB100 through an apoE-LRP-mediated mechanism, a
salutary reminder to always consider the secretory as well
as uptake pathways when studying LDL-C levels.

Immunoelectron microscopic analyses of human LDL
(282) indicate that peptide A and B (amino acids 3147-
3157 and 3359-3367) reside on one side of the LDL hemi-
sphere close to where apoBl100 amino acid residues
~4275-4440 cross the ~620A long, wedge-shaped, kinked
ribbon (apoB1.5-89; amino acid residue 71-4050) encircl-
ing LDL. Subsequent competitive binding assays involving
labeled human LDL-apoB100 and LDL containing recom-
binant apoB substantiate these data and indicate apoB
amino acids R3500 and W4369 (apoB96.3) interact to fa-
cilitate normal apoB100-LDLR binding (280, 283). More-
over, LDLs containing C-terminal truncated forms of apoB
retaining the hypothetical LDLR ligand binding peptides
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A and B, such as apoB77 and apoB95 (i.e., truncated at
residues 3497 and 4329), compete more avidly for LDLR
binding than full-length apoB100. Hence, the extremely
low LDL-C levels seen in apoB-specific FHBL patients with
C-terminal truncated apoBs in the range of ~apoB77-95
(284, 285) may be attributable, atleast in part, to enhanced
LDL clearance.

Very recently, electron cryomicroscopy analyses (118)
have suggested that the apoB100 structures that interact
with the LDLR are stabilized by the cholesteryl-ester rich
core of LDL and that they include a region formed by
amino acids ~2050-2600 (apoB45.2-57.3), which bind to
the LDLR B-propeller (Fig. 5B), aswell as apoB structure(s)
within one of its B-sheet domains (i.e., residues 1000-2074 or
2600-4000). In summary, the LDL-apoB100:LDLR inter-
action(s) seems considerably more complex and extensive
than originally thought.

APOB mutations, defective LDLR binding and ADH-2.
Grundy and colleagues were the first to report the asso-
ciation between moderate hypercholesterolemia, defec-
tive LDLR binding, and the apoB100 R3500Q mutation
(286). Specifically, they identified a heterozygous index
patient (LDL-C, 215 mg/dl) who cleared his own LDL
from the circulation ~2-fold (P < 0.001) less efficiently
than control LDL and then showed that the patient’s LDL
in vitro was ~90% less effective in competing with normal
LDL for cellular uptake and degradation. Moreover, the
patient’s LDL had reduced capacity to stimulate intracel-
lular cholesteryl ester synthesis. Similar, but numerically
unspecified, in vitro results were obtained from four other
family members, all of whom possessed the apoB100
R3500Q allele. In comparison, blood relatives with “nor-
mal” LDL binding (range not specified) did not. Subse-
quent studies have confirmed that the R3500Q allele(s) is
a major cause of moderate to severe hypercholesterolemia
in people of European descent (Table 6) and that it con-
fers increased risk of premature atherosclerotic disease
(226, 227, 235, 238, 287-292). In Asian populations, the
recurrent R3500W mutation (293, 294) is reported to be
the principle cause of ADH-2.

In the last year, it has emerged that ~12% of the Old
Order Amish residents of Lancaster County, Pennsylvania,
have the R3500Q mutation (295) and that it is likely to
have been introduced into this community at the end of
the 1700s by a single Swiss ancestor. Today, Switzerland
has one of the highest frequencies (0.41%) of the R3500Q
allele in Europe (296). Returning to the Amish commu-
nity, Shen et al. (295) performed a GWAS to identify vari-
ants associated with high LDL-C levels and coronary artery
calcification in 841 asymptomatic individuals (age 43.7 +
13.9 years) and found a cluster of 65 SNPs spanning a
12-megabase region near APOB displaying strong associa-
tion with LDL-C levels. Subsequent genotyping for the
R3500Q (rsh742904) mutation disclosed that it was in
near-complete LD with the SNP alleles that had displayed
the strongest association with LDL-C. Moreover, combin-
ing this GWAS sample with another 663 Amish revealed
that it accounted for 26% of the variation in age- and
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sex-adjusted LDL-C levels in the population (Table 6).
Moreover, R3500Q) carriers had 4.41-higher odds of hav-
ing radiologically detectable coronary artery calcifica-
tion. In a control analysis, all other SNP associations (n =
65) with LDL-C concentrations disappeared when APOB
R3500Q was considered as a covariate. Nonetheless, be-
cause many of the associating SNPs are in high LD (i.e.,
many carriers of the R3500Q mutation share a common
extended haplotype potentially originating from a Celtic
ancestor some 6,000-7,000 years ago (296)), it would
have been nearly impossible without independent ge-
netic (227, 293, 294) and supporting functional (280,
283) data to conclude that the R3500Q) mutation (rather
than a mutation(s) in LD) is the cause of moderate hy-
percholesterolemia in the Old Order Amish and other
populations.

Boren et al. (280) showed that LDL containing recom-
binant apoB100 with a glutamine, lysine, or glycine at
amino acid 3500 bound the LDLR ~80% less efficiently
than recombinant apoB100-R3500 in vitro. R3500, how-
ever, is unlikely to be directly involved in LDLR binding
(or be the major determinant of LDLR binding) because
LDL containing recombinant apoB80 R3500Q and apoB77
(truncated at amino acid 3497) displayed enhanced LDLR
binding (280). Instead, it is envisaged that amino acid resi-
due R3500 is required to attain the conformation of the
yet undefined and potentially multiple apoB100 motifs
that bind to the LDLR.

It is also now known that 2-10% of patients with a clini-
cal diagnosis of FH have the apoB R3500Q) mutation (289,
297, 298), including some who also have a LDLR mutation
(299-301). Compound heterozygote ADH-1/2 patients
tend to have higher LDL-C, more extensive xanthomato-
sis, and more severe premature CHD than heterozygote
ADH-1 and homozygote ADH-2 patients (Table 6). Their
phenotype, however, appears to be less severe than that
seen in homozygous ADH-1 (300).

It has emerged that some people with familial ligand-
defective apoB100 due to R3500 and R3531 mutations
have plasma cholesterol levels within the normal range
(302-306), despite defective LDL binding and accumula-
tion of the mutant allotype in blood. In one study, Pull-
inger et al. (304) showed by using a monoclonal antibody
and dynamic light scattering that the mass ratio of GIn3500
to Arg 3500 in the LDL of heterozygote apoB100"""? pa-
tients was ~73:27 and that in vitro the mutant LDL had
<10% of the normal affinity for the LDLR. In comparison,
the mass ratio of Cys3531 to Arg3531 was 58:42 for
heterozygote apoB]OOR 31C individuals, and the mutant
LDL displayed 27% of normal affinity for the LDLR. Ana-
lyzing the lipid profiles of R3531C family members re-
vealed awide range of total cholesterol and LDL-cholesterol
values (age- and sex-adjusted cholesterol and LDL-C: 152-
326 and 68-238 mg/dl, respectively), with the average
LDL-C increase (i.e., 32 mg/dl or 16%) being more mod-
est than that observed for the R3500Q mutation (Table 6).
In a second study, five heterozygote individuals [i.e.,
R3480P (n =4); P3480W (n = 1)] from the Danish general
population (n = 9,255) with ligand-defective apoB100
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(binding affinity intermediate between that of LDL
R3500Q and R3531C) had lower, not higher, plasma LDL-
C and apoB (mean decreases 42.5 and 24 mg/dl, P=0.03
and 0.02 for difference from noncarriers), with the poten-
tial explanation at least in part attributable to reduced
conversion of VLDL to LDL (302). The mutation carriers
also had reduced plasma VLDL-C levels, which may relate
to impaired VLDL assembly given that both PANTHER
and PolyPhen predict that a proline substitution at posi-
tion 3480 would be deleterious (157).

Itis important to emphasize that most, if not all, investi-
gators in their search for ADH-2 mutations have restricted
their analyses to specific apoB100 regions (e.g., encoding
amino acids 2488-3901). Moreover, such analyses have
typically gone ahead in the absence of a definitive bio-
chemical diagnosis of ligand-defective apoB100, which
may underestimate the spectrum of apoB mutations that
cause/confer susceptibility to ADH-2. Finally, the finding
of apoB NS coding sequence mutations (e.g., S3476L,
S3488G, Y3533C, T38540M, 14350T, G4369D (298, 307),
R4358, and R4367 (227)) in hypercholesterolemic patients
is in itself insufficient for a definitive diagnosis of ADH-2:
in vitro and in vivo functional analyses are generally
required.

Nonsynonymous ApoB100 coding variants modulate plasma
LDL-C. As shown in Table 5, data from the GLGC (32)
replicate the prior evidence of association between three
independent apoB100 variants (R3611Q, E4154K, and
N4311S) and LDL-C levels (157). Thus, for example,
Benn et al. (157) showed that in the prospective Copen-
hagen City Heart Study, individuals with the R3611Q) vari-
ant had higher LDL-C levels than noncarriers and that
apoB100 levels were similarly increased, consistent with a
potential defect in LDLR binding. In comparison, loss of
the glutamic acid residue (or gain of a lysine residue) at
amino acid 4154 (apoB91.6) was associated with de-
creased LDL-C and apoB. Heterozygote carriers of the
N4311S variant also had lower LDL-C and apoB levels.
The homozygote carriers, however, had values intermedi-
ate between the noncarriers and heterozygote carriers,
which could relate to the complexities of LDLR-mediated
uptake of LDL and VLDL, as well as the conversion of
VLDL to LDL and the VLDL-apoB assembly process it-
self. Regarding this, the N4311S variant is in strong LD
with a proline (i.e., P2712L) residue that is conserved
from humans to zebra fish and sea urchin. Moreover, its
replacement with leucine is predicted to be deleterious

(157).

Recruiting LDL:LDLR into clathrin-coated structures for
internalization

Meticulous clinical evaluation and painstaking labora-
tory characterization of the physiological / cellular defect(s)
in patients with an atypically inherited form of familial hy-
percholesterolemia (i.e., ARH) led to the discovery that
clathrin-mediated uptake of LDLR-apoB complexes (and
of LDLR) in certain cell types (e.g., hepatocytes) require
the adaptor protein LDLRAP1. Harada-Shiba et al. (308)



began this story with a full clinical and biochemical de-
scription of two Japanese siblings who had lipid profiles
and clinical symptoms (e.g., multiple xanthomas since
childhood) similar to those in homozygous ADH-1 pa-
tients, despite evidence of normal functioning LDLR. Spe-
cifically, their cultured skin fibroblasts synthesized normal
quantities of fully active LDLR protein, and these were
normally downregulated with LDL or cholesterol loading.
Moreover, genetic markers at the LDLR locus did not seg-
regate with the hypercholesterolemia. Whole-body in vivo
turnover studies, however, returned convincing evidence
that the elevated LDL-C in these two siblings was not at-
tributable to increased de novo cholesterol synthesis but,
rather, to impaired LDL catabolism. This conclusion was
subsequently substantiated by "SLLDL turnover studies
and a biodistribution and uptake analysis of M echne-
tium-labeled LDL in three Sardinian ARH patients (309).
Thus, these patients had a marked reduction in the frac-
tional catabolic rate of LDL (patients versus five controls:
0.19 £ 0.1 and 0.36 + 0.03 pools/day, P < 0.001), plus a
significant increase in LDL production (20.7 + 4.4 versus
14.0 + 2.4 mg/kg/day, P< 0.01), although this increase is
lower than that typically seen in homozygous ADH-1 pa-
tients. These changes were paired with a severe reduction
in hepatic LDL uptake similar to that observed in ADH-1
homozygotes and decreased LDL uptake by the kidney
and spleen (but not heart), findings which prompted
Zuliani et al. (309) to speculate that the ARH lipid pheno-
type was caused by selective reduction in hepatic LDL
uptake. Subsequently, Norman et al. (310) showed the de-
fect resided in a component of the endocytic machinery
required for LDLR and LDLR-LDL complex uptake
through clathrin-coated pits; specifically, they found that
LDLR was present on the cell surface of EBV-immortalized
lymphocytes prepared from ARH patients and that the re-
ceptor bound LDL normally but was unable to internalize
1t.

It turns out that LDLRAP1 is required for the hepatic
uptake of LDLR/LDL-apoB100 complexes but not of
LDLR-VLDL-remnant complexes, which are internalized
by an 802FDNPVY807—independent mechanism (Fi)g. 4).
Thus, when Jones etal. (311) fed ldh”’" and ldlrapI” mice
a high sucrose diet (to stimulate hepatic VLDL produc-
tion), the ldlmpl_/_ animals developed less pronounced
hyperlipidemia due to preservation of the LDLR-depen-
dent clearance of VLDL remnants. This phenomenon in
humans could explain the development of a relatively
mild LDL-C phenotype in ARH patients compared with
their compatriots with homozygous/compound heterozy-
gous LDLRnull alleles (Table 6), especially as the LDL
phenotypes of ARH and homozygous ADH-1 patients
with LDLR-defective mutations are superimposable (Ta-
ble 6).

As to the role of LDLRAPI1 in mediating LDL uptake
in only certain cell types, it seems noteworthy that ARH
typically manifests in children as large tendon xan-
thomata, either planar or tuberous (310, 312-318), sug-
gesting that LDLRAPI is dispensable for LDLR activity
in macrophages.

Biological and genetic classification of LDL dyslipidemias

Genetics of autosomal recessive hypercholesterolemia. Cur-
rent studies indicate that in most parts of world autosomal
recessive hypercholesterolemia (ARH) is likely to be an
exceedingly rare condition (314-322). One exception is
Sardinia, where the disease has an estimated frequency of
1:40.000, accounted for by two mutations (W22X and
c.432 ins A) (313). In middle-aged people from this popu-
lation, ARH carriers (1:143 individuals) had similar LDL-C
levels to noncarriers (141.0 + 0.41 versus 137 + 0.41 mg/dl,
P=0.19) and a comparable rate of myocardial infarction
(323). However, it should be noted that the study of only
3,410 islanders limited the power to detect small effect size
and thatin the GLGCsample acommon LDLRAPI/ Tmem57
variant displayed association with LDL-C levels (Table 8).
However, whether the actual allele(s) causing this associa-
tion signal is mediating its LDL-lowering effect through
LDLRAPI or Tmem57is not known.

Returning internalized LDLR to the plasma membrane

As depicted in Fig. 4, PCGSK9 binds hepatic LDLR, pro-
moting its degradation and thereby impairing LDL/VLDL
uptake by this receptor. This discovery has culminated in
the development of a PCSK9-binding antibody that mim-
ics the epidermal growth factor (EGF)A domain of the
LDLR, which in vivo serves to effectively remove PCSK9’s
ability to bind and promote LDLR degradation and signifi-
cantly reduce LDL-C by 20-50% in monkeys and 40% in
“humanized” mice (324). The mechanics of PCSK9/LDLR
binding and intracellular degradation have been reviewed
quite recently (325-327) and are not covered in depth
here. Instead, we focus on correlations between PCSK9, de
novo cholesterol biosynthesis, and LDL-C levels in humans
(328, 329), as well as the growing consensus that PCSK9
participates in VLDL production/net secretion (330).

In humans, plasma PCSK9 levels normally display a di-
urnal rhythm that closely parallels that of cholesterol syn-
thesis, whereas total plasma cholesterol levels remain
relatively stable during these oscillations (328, 329). How-
ever, depleting hepatic cholesterol and prolonged fasting
obliterates this natural rhythm. Thus, in healthy individu-
als consuming three standardized meals per day, plasma
PCSK9 and lathosterol (measure of cholesterol synthesis)
levels are strongly correlated, reaching a nadir between 3
and 9 PM and a peak at 4.30 AM (329). By contrast, short-
term (12 h) depletion of hepatic cholesterol by
cholestyramine induces parallel increases in plasma PCSK9
and cholesterol synthesis, which remain elevated for 2-3
days after cessation of these bile acid sequestrants (329),
suggesting that changes in a hepatic regulatory pool(s) of
cholesterol contribute to the regulation of plasma PCSK9
levels, a result substantiated by the finding that statins also
cause a sustained increase in plasma PCSK9 levels (331).
Conversely, during prolonged fasting, cholesterol synthe-
sis and PCSKY levels fall, reaching nadirs at 32 and 36 h,
respectively (328), and somewhat unexpectedly, LDL-C
levels steadily rise (~20 mg/dl from fed state), reaching a
peak at 32 h, when de novo cholesterol synthesis is at its
lowest. This paradoxical rise in LDL-C levels, given the ob-
served reduction in both cholesterol synthesis and LDLR
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degradation (viareduced PCSK9), suggests that prolonged
fasting also reduces LDLR activity and thus LDL-C uptake
and that this is mediated at least in part by the SREBP-2
transcriptional route, which also decreases PCSK9 and
cholesterol biosynthetic gene expression (328, 332).

A recent study by Herbert et al. (330) substantiates the in
vivo evidence that PCSK9 gain-of-function mutations in-
crease the net secretion of VLDL (333). In brief, they pro-
duced and analyzed transgenic mice lines expressing
wild-type human PCSK9 and PCSK9-D374Y (Fig. 4) at levels
comparable to endogenous Pcsk9 and with the same tissue
specificity. On a chow diet, the wild-type Pesk9 mice had,
compared with their BAC-negative littermates, reduced he-
patic levels of LDLR, increased plasma cholesterol (~1.8-
fold, mostly in LDL fraction), and a comparable rate of
triglyceride secretion. The livers of PCSK%D374Y mice con-
tained even less LDLR, and they developed more pro-
nounced hypercholesterolemia (cholesterol increase,
2.7fold). Additionally, they secreted ~2-fold more triglyc-
eride-rich lipoproteins into the circulation than the control
animals. This result complements two earlier studies: the
first study showed that hepatocytes from Pesk9-deficient
mice ex vivo secreted fewer apoB48-containing (~33%)
and apo100-containing (25%) lipoproteins than their wild-
type litter mates (334), and the second study showed that
these same mice secreted fewer chylomicrons and had at-
tenuated postprandial hypertriglyceridemia (335).

Genetics of PCSK9.  Ten gain-of-function mutations have
been described in ADH-3: two (S127R, D129G) residing in
its prodomain (amino acids 31-152), seven (R215H, F216L,
R218S, R357H, D374Y, D374H, N425S) within the catalytic
domain (amino acids 153-451), and one to three (N425S,
R469W, R496W) in the cysteine-rich C-terminal (452-692)
residues (336). For the most commonly reported LDL-ele-
vating mutations, S127R and D374Y (Table 6), functional
assays have provided plausible genotype-phenotype corre-
lations (337, 338). Thus, the S127R mutation in vitro sig-
nificantly reduces autocleavage of the PCSK9 prodomain
in the ER, a prerequisite for its subsequent trafficking and
secretion, whereas PCSK-D374Y undergoes normal rates
of autocleavage and secretion (338). Moreover, S127R is
less potent than D374Y in reducing cellular LDL uptake
(LDL-uptake ECjy: wild-type, 56 + 10, S127R, 13 + 5.8;
D374Y, 2.2 + 0.4 nM) (338). Thus, the combination of re-
duced PCSK9-S127R secretion and of potency in blocking
LDL-C uptake could well explain the reduced penetrance
(0.94) of the S127R mutation (339), Table 6), whereas the
normally secreted PCSK9-D374Y with its higher potency
accords with the unusually severe hypercholesterolemia
observed in ADH-3 patients with this particular mutation
(Table 6). Thus, while some heterozygote ADH-3 patients
have plasma cholesterol and LDL-C levels comparable to
homozygous LDLRnull allele patients, others, consistent
with in vitro assay results (337), have levels more similar to
heterozygote ADH-1 patients with LDLR-defective alleles
(Table 6). Finally, it should be noted that even though
large-scale mutation screening projects have indicated
that gain-of-function PSCK9 mutations are a rare (<1%)
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cause of ADH (245, 307, 340-342), such mutations can oc-
cur in heterozygote ADH-1 patients with a particular se-
vere phenotype (Table 6), and these patients may respond
better to aggressive LDL-C lowering treatment than ho-
mozygous LDLRnull allele patients (343).

It turns out that 11% of the African American subjects in
the Dallas Heart Study with low plasma LDL-C levels harbor
one of two PCSK9 nonsense mutations (i.e., Y142X, Tables
8, 9; C679X, Table 8) compared with ~1.8% of medically
unselected but ethnically and geographically matched indi-
viduals (344). The Y142X allele may contribute to FHBL in
this group, insofar as it segregates with the “the LDL-C <75
mg/dl trait” (344, 345); however, internationally, the pic-
ture is less clear. Thus, in an Italian “FHBL” family with a
similar truncating mutation (Ala68fsLeu82X) three of the
four mutation-carrying family members had “raised” (~85
mg/dl, ~10th percentile) LDL-C levels, albeit possibly con-
founded by coexisting obesity (346) (Table 9). On the other
hand, the sister and daughter of a 49-year-old Frenchman
(LDL-C 16 mg/dl) with the dominant-negative double-mu-
tant PCSK9 R104C/V114A had LDL-C levels of 57 mg/dl
and 58 mg/dl, respectively (347). Thus, it seems that a pre-
liminary diagnosis of PCSK9 deficiency (rather than apoB-
specific FHBL) should be considered when a proband with
very low LDL-C levels has family members with moderate
rather than very low LDL-C levels and relatively high
cholesterol:HDL-C ratios (Tables 4, 8). Plasma PCSK9 mea-
surements may also be helpful. Indeed, despite the fact that
plasma PCSK9 levels explain <10% of the population vari-
ance in LDL-C levels, recent data have shown that certain
loss-of-function mutations are associated with lower PCSK9
concentrations (348). For example, Dallas Heart Study par-
ticipants with an Y142X/C679X or R46L. mutation had, re-
spectively, 60% and 34% lower plasma PCSK9 levels than
those had participants with no mutation (< 0.0001).

At the population level, the two African mutations/poly-
morphisms (i.e., Y142X and C679X) have remarkably sim-
ilar effects on LDL-C levels (Table 8), the average drop
being ~35-38 mg/dl compared with ~20 mg/dl in Euro-
peans/Americans with the R46L allele (Table 8). Encour-
agingly, the GLGC has now replicated the evidence for
association between the rare alleles at SNP sites rsb05151
(E670G) and rs11206510 (upstream) and LDL-C levels
(Table 8), and perhaps more importantly, it has provided
a platform for the first time on which to compare their
potential effects on LDL-C levels relative to all other asso-
ciated common variants across the entire genome in a
single population, even for those genes with no prior con-
nection to sterol and LDL metabolism (Table 10).

Moderate impact of IDOL-mediated degradation of
LDLR on LDL-C levels

In 2009, Zelcer et al. (349) showed that the sterol-respon-
sive nuclear receptor liver X receptor (LXR) helps maintain
cellular cholesterol homeostasis not only by promoting cho-
lesterol efflux but by also suppressing cellular LDL uptake
through transcriptional induction of IDOL expression. In
brief, they (349) demonstrated thatactivated LXR increased
IDOL mRNA levels in specific cell types and that in wild-type



TABLE 10. Additional genetic variants associated with LDL-cholesterol levels in the GLGC study

Minor Effect Identified in Other
Nearby Gene SNP Chr Position allele (MAF) Size (SE)* P Previous Study?  Associated Traits
MOSC1 rs2807834 1 219,037,216 T (0.32) —1.09 (0.20) 6 x 107" N TC
IRF2BP2 rsh 14230 1 232,925,220 A (0.48) —1.13(0.18) 9x 107" N TC
TIMD4 rs68882076 5 156,322,875 T (0.35) —1.67 (0.19) 2x 10°% Y TC, TG
HFE rs1800562 6 26,201,120 A (0.06) —2.22(0.39) 6x 107" N TC
HLA rs3277928 6 32,520,413 A (0.16) 1.83 (0.24) 2 x 107" N TC, TG
LPA rs1564248 6 160,498,850 C (0.17) 1.95 (0.24) 2 x 1077 N TC, HDL
DNAHI11 rs12670798 7 21,573,877 C (0.23) 1.26 (0.20) 7 x 107" N TC
PLECI rs11136341 8 145,115,531 G (0.40) 1.40 (0.21) 4 x 107" N TC
ABO rs649129 9 135,144,125 T (0.22) 2.05 (0.21) 8 x 107 Y TC
GPAM rs1129555 10 113,900,711 A (0.29) 1.08 (0.20) 2 x 107° N TC
ST3GAL4 rs11220462 11 125,749,162 A (0.14) 1.95 (0.26) 1 x 107" N TC
BRAP rs11065987 12 110,556,807 G (0.42) —0.97 (0.18) 2 x 107° N TC
HNFIA rs1169288 12 119,901,033 C (0.33) 1.42 (0.19) 1 x 107" Y TC
NYNRIN rs8017377 14 23,952,898 T (0.48) 1.17 (0.19) 4 x 107" N None
HPR rs2000999 16 70,665,594 A (0.20) 3.00 (0.22) 2x 107 N TC
OSBPL7 rs7225700 17 42,746,803 T (0.35) —0.87 (0.18) 4x 107" N TC
CILP2 rs10401969 19 19,268,718 C (0.07) —3.11(0.38) 7x 10°% Y TC, TG
MAFB rs2902941 20 38,524,928 G (0.33) —0.98 (0.19) 1x 107° Y TC
TOPI rs6029526 20 39,370,229 T (0.47) 1.41 (0.17) 8 x 107" N TC

Table does not include associated variants where triglyceride or HDL-cholesterol was the lead trait. Chr,
chromosome; HDL, high-density lipoprotein cholesterol; MAF, minor allele frequency.
“ Effect size is expressed in mg/dl per copy of the minor allele.

but not Ldlh™~ mice, (adenovirus-mediated) high-level he-
patic expression of IDOL markedly reduced LDLR protein
levels, and increased plasma concentrations of total and
unesterified cholesterol (~2-fold), LDL-C (~6-fold), and
apoB (~3-fold). In comparison, PCSK9 levels were not al-
tered. Notably, however, the totality of the data suggests that
the LXR-IDOL pathway is more active in peripheral cells,
such as macrophages and adrenal cells, than in hepatocytes,
which may explain why in humans the estimated size effect
of the rare allele at SNP site_rs3757354 on LDL-C levels is
considerably smaller than those observed for PCSK9, apoB,
and LDLR (Table 8).

CONCLUDING COMMENT

In the past five years, our understanding of the biologi-
cal and genetic bases of low and high LDL levels has been
advanced by the acquisition of new insights into noncho-
lesterol sterol and cholesterol absorption and elimination,
apoB-containing lipoprotein production and intracellular
trafficking, and the fine regulation of cellular cholesterol
uptake via the LDLR. Genetic (e.g., in-depth sequence)
analyses of patients with monogenic dyslipidemias and of
individuals with plasma LDL-C levels at the extreme of the
population distribution, as well as the identification of
pathogenic mutations in diverse populations, have estab-
lished important genotype-phenotype correlations. Inde-
pendently, large GWAS studies have not only confirmed
the role of genes previously known to affect plasma LDL-C
levels but, more importantly, also identified a large set of
previously unsuspected genes. Their impact on cholesterol
metabolism and LDL-C levels is under active investigation.
Indeed, recently developed mouse models have begun to
provide some fascinating new knowledge about the cellu-
lar mechanisms contributing to the pathophysiology of
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cholesterol and apoB-containing lipoprotein diseases,
thereby suggesting new molecular targets for hypolipi-
demic drugs. In the immediate future, new DNA sequenc-
ing technologies, such as exome sequencing, will provide
a very powerful tool for identifying the causative muta-
tions in those familial conditions of low and high LDL
levels that are not explained by the usual suspects. The
overall picture to emerge is that circulating LDL levels re-
sult from the output of a complex array of cellular activi-
that in people with conventional,
straightforward, Mendelian clinical conditions of LDL
(e.g., ADH and FHBL) metabolism, these conditions have
a complex genetic basis. A major challenge will be to inte-
grate the effects of lifestyle choices (e.g., diet, obesity,
smoking) and epigenetic variation, often neglected in the
study of genotype-phenotype correlations, with knowl-
edge of DNA sequence determinants to arrive at a deeper
understanding of the cause, course, treatment, and pre-
vention of LDL dyslipidemias. Bl

ties and even

The authors thank Emma Duncan and Sophie Dean for their
help in preparing this article.
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