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Abstract. Familial hypobetalipoproteinemia (FHBL), an
autosomal dominant disorder, is defined as <5™ percentile
LDL-cholesterol or apolipoprotein (apo) B in the plasma.
FHBL subjects are generally heterozygous and asymp-
tomatic. Three genetic forms exist: (i) premature stop
codon specifying mutations of APOB; (ii) FHBL linked
to a susceptibility locus on the chromosome 3p21; and
(ii1) FHBL linked neither to APOB nor to the chromosome
3p21. In heterozygous apoB-defective FHBL, the hepatic
VLDL export system is defective because apoB 100, the

product of the normal allele, is produced at ~25% of
normal rate, and truncated apoB is cleared too rapidly.
The reduced capacity for hepatic triglyceride export
increases hepatic fat three-fold. Indexes of adiposity and
insulin action are similar to controls. ‘Knock-in’ mouse
models of apoB truncations resemble human FHBL
phenotypes. Liver fat in the chromosome 3p21-linked
FHBL is normal. Elucidation of the genetic basis of the
non-apoB FHBL could uncover attractive targets for
lipid-lowering therapy. (See note added in proof.)
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Definition and clinical presentations

Hypobetalipoproteinemia (HBL) is defined by very low
levels (<5" percentile) of total apoB and/or low-density
lipoprotein (LDL) cholesterol in plasma [1, 2]. Genetic
and environmental factors and various illnesses determine
levels of LDL cholesterol and apoB in plasma. Thus,
eating a strict vegetarian (vegan) diet [3—5], malnutrition
from whatever causes, intestinal fat malabsorption (as in
non-tropical sprue, chronic pancreatitis), severe liver
disease, and hyperthyroidism may produce low apoB
and LDL-cholesterol levels [6, 7]. These are regarded as
secondary causes of HBL. Primary causes are due to
defects along the very loy density lipoprotein (VLDL)/
chylomicron production and secretion pathways, and
include abetalipoproteinemia (OMIM 200100) and
chylomicron retention disease (OMIM 246700), which

* Corresponding author.

segregate in families as autosomal recessive traits, and
familial hypobetalipoproteinemia (FHBL), which segre-
gates as an autosomal dominant. Abetalipoproteinemia
is due to a variety of genetic defects in microsomal
triglyceride transfer protein (MTP), which that facilitates
the assembly of lipids with apoB in lipoprotein production
[8—10]. Chylomicron retention disease, comprising several
clinical sub-syndromes such as Anderson disease (OMIM
607689) and Marinesco-Sjogren syndrome (OMIM
246700), is due to mutations in SARA2, a member of the
Sar1 GTPase genes. Sara2 is one of the proteins of COPII
membrane vesicles [11] that may participate in the trans-
port of chylomicron-containing COPII vesicles from the
endoplasmic reticulum (ER) to Golgi.

In contrast, the overwhelming majority of subjects with
FHBL are simple heterozygotes who are asymptomatic.
Although non-alcoholic fatty liver is common among
subjects heterozygous for apoB truncations [12—16], the
long-term effects of the fatty liver for health and
longevity are unknown. A few FHBL heterozygotes may
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have loose stools due to partial fat malabsorption, while
homozygotes or compound heterozygotes may suffer
from severe fat malabsorption. However, as a rule, even
the most severe forms of FHBL are less problematic
than patients with abetalipoproteinemia or chylomicron
retention disease [7, 17]. Fat malabsorption, when present,
is treated by limiting the intake of fats containing long-
chain fatty acids and substituting medium-chain triglyc-
erides to furnish fat calories. Fat-soluble vitamins may
need to be given as well. These are available in injectable
forms or as water-soluble emulsions. The fatty liver has to
date not been treated, because it is not clear how and
whether this needs to be done. More studies are needed.

Genetics

The molecular-genetic bases are not known in most cases
of FHBL [18]. The best-characterized cases are found in
families in which the low plasma cholesterol and low
apoB phenotype co-segregate with mutations of the
APOB gene (chromosome 2) specifying the production
of truncated apoB proteins [19-21]. The phenotype has
been reproduced in mice engineered to express similar
mutations (see below). The truncated proteins are desig-
nated according to a centile nomenclature. ApoB 100 is
the designation for full-length normal protein secreted
from liver as part of VLDL particles, consisting of 4536
amino acid residues [17]. The normal intestinal variant as-
sociated with chylomicrons is designated as apoB 48. The
same gene directs the production of both apoB 48 and
apoB 100. ApoB 48 results from a unique editing of apoB
messenger RNA (mRNA) by editosome, that converts
codon 2153 to a stop codon [22, 23]. The editosome is
present in the intestine of all mammals and in the liver of
rodents, but not primates. About 45 different abnormal

Table 1. Genetic sub-types of familial hypobetalipoproteinemia.
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truncations, as short as apoB 2 and as long as apoB 89,
have been reported [14, 15, 24-35]. Null alleles probably
result in no translated mRNA [19, 27], and one amino
acid substitution has also been reported in one FHBL
family [36]. ApoBs shorter than apoB 27.6 are usually
absent from plasma due to their rapid clearance (see
below).

FHBL appears to be genetically heterogeneous, i.e. not
all FHBL cases harbor defects in APOB. Recently, we
identified seven new FHBL families in whom the HBL
phenotype appeared to segregate as a Mendelian dominant
trait, yet no truncated forms of apoB were detectable in
plasma. A genome scan followed by linkage analysis
revealed linkage to a susceptibility locus on the chromo-
some 3p21, between markers D3S2407 and D3S1767
(~41-47 Mb) [37-39]. In a third group of nine families,
genome scanning and linkage studies ruled out linkage to
either chromosome 2 or chromosome 3p21 [G. Schonfeld,
unpublished, table 1].

Metabolism of ApoB truncations

In normal humans, two forms of apoB may circulate in
plasma. ApoB 100, the full-length protein produced in the
liver and secreted with VLDL particles, and apoB 48, the
product of the same gene, produced in enterocytes and
secreted with chylomicron [17, 40]. ApoB truncations
shorter than apoB 27.6 have not been detected in plasma,
probably because they are too rapidly cleared [41]. But
plasmas of subjects heterozygous for apoB truncations
longer than apoB 27.6 may contain as many as four
sub-families of apoB-containing lipoproteins, because
truncations shorter than apoB 48 contain a premature
stop codon 5 from the apoB 48 editing site [42]. Thus,
there may be apoB truncation-containing particles from

Subtypes of FHBL ApoB or LDL levels Clinical characteristics ~ Metabolic changes References
compared with age- and compared with control
gender-matched controls
Truncation-producing <30% asymptomatic, fatty reduced VLDL apoB pool 12-14, 16, 19,
mutations of APOB liver, loose stools, size, reduced VLDL apoB 40, 46, 47, 51, 54
fat malabsorption production rate, reduced
VLDL triglyceride
production rate
FHBL linked to the ~50% asymptomatic Reduced VLDL apoB pool 40, 48, 54a
chromosome 3p21 size, elevated VLDL apoB
fractional catabolic rate,
reduced VLDL triglyceride
production rate
FHBL linked neither to ~50% asymptomatic unknown Schonfeld,
APOB nor to chr 3p21 unpublished
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liver and intestine, apoB 100 from the liver and apoB 48
from the intestine. In subjects with truncations longer
than apoB 48, e.g. heterozygous subjects with apoB 54.8
heterozygotes, plasmas may contain separate families of
particles bearing apoB 100, apoB 48 and apoB 54.8 [35].
ApoB 100 forms particles of VLDL, although the vast
majority of apoB 100 is found with LDL particles. Intesti-
nal apoB 48 particles are chylomicrons that vary in size
from 40 to 400 nm. Sizes and densities of lipoproteins
bearing truncated forms of apoB vary with the lengths of
the truncations, i.e. apoB 89-bearing particles have sizes
and densities similar to normal VLDL and LDL. ApoB
38.9-bearing particles have sizes intermediate between
LDL and high-density lipoprotein (HDL), and densities
similar to large HDLs [25, 43]. Short truncations of apoB
transport smaller numbers of triglyceride molecules than
do the longer ones. The major exception to the rule is
apoB 48, which, when assembled in enterocytes as noted,
is capable of accommodating even more triglyceride
than is apoB100-containing VLDL assembled in the
liver, suggesting that the machineries assembling TG-rich
particles in the liver and intestine may be different.

One would expect the average concentrations of apoB 100
in plasmas of FHBL heterozygotes to be ~50% of normal
subjects, reflecting the activity of one normal allele. How-
ever, levels are closer to ~25-30% of the normal [44, 45].
This is because the production rates (determined in vivo
using infusions of stable isotope-labeled precursor amino
acids) are ~25-30% of those found in normal controls
[46-48]. Levels of apoB truncations vary from ~3 to 9 %
of the total apoB concentration in normal subjects. This is
due to a combination of low production rates and rapid
clearance rates of the truncated forms [41, 44, 49, 50].
However, the relative importance of production and clear-
ance rates in setting plasma levels depends on the trunca-
tion in question. For example, the production rate of
apoB89-containing particles is only 15% lower than that of
apoB 100 particles, but their clearance rate is more than
twice normal due to the enhanced affinity of interaction of
apoB 89 with the LDL receptor [49]. The production of
apoB 75 particles is reduced compared with that of apoB
89, but apoB 75 clearance is still rapid due to enhanced in-
teraction with the LDL receptor [51]. Lipoproteins bearing
apoB truncations smaller than apoB 70.5 are cleared very
fast, mostly by the kidney, mediated by megalin/gp330
receptors located in proximal tubule cells [41, 44]. For all
these reasons, the VLDL export system for lipids is
impaired in the apoB-defective form of FHBL.

Steatohepatosis in FHBL subjects

The dysfunctional VLDL system would be expected to
render the livers of apoB-defective FHBL subjects unusu-
ally susceptible to the accumulation of lipids. Indeed,
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several groups have reported on cases of hepatic steatosis
detected by ultrasound or, in rare instances, by liver
biopsy [12, 14, 15, 52]. Recently, Schonfeld et al. have
examined 33 individuals with various truncations of
apoB ranging from apoB 4 to apoB 89, and 32 controls,
using magnetic resonance spectroscopy (MRS) a precise
non-invasive method for quantifying liver fat [53]. The
mean value for liver fat in the FHBL subjects was three to
five times that of controls [53, 54]. However, interindi-
vidual variability in liver fat was large, and overlap
between the FHBL and control groups was considerable.
To asses the roles of adiposity and insulin action on liver
fat in the FHBL subjects due to apoB defects, we exam-
ined indexes of total body fat (body mass index, BMI)
and abdominal fat (waist/hip ratio, W/H). Masses of
abdominal subcutaneous adipose tissue (SAT), retro-
peritoneal adipose tissue (RPAT) and intra-abdominal
adipose tissue (IPAT) were measured directly by magnetic
resonance imaging. The indexes of obesity were similar
in the FHBL and control groups. Likewise, indexes of
glucose tolerance and insulin sensitivity, measured by
oral glucose tolerance test, calculations of glucose and in-
sulin areas under the curve (AUC), and HOMA indexes
[16], were similar in both groups. These data suggest that
the increased hepatic fat seen in the FHBL subjects was
not due to generalized or localized obesity, or general
insulin resistance. Rather, the APOB mutations per se
were important contributors to fatty liver. Furthermore,
while correlation coefficients between IPAT and liver fat
contents were statistically significant in both groups of
subjects, slopes of the regression lines of IPAT on liver
fat were significantly greater in the apoB-defective
FHBL than in controls. Analogous results were seen with
regression of indexes of insulin action on liver fat contents.
Thus, for any given degree of adiposity or insulin resis-
tance, livers of the FHBL subjects contained more fat
than that of controls. The mechanism(s) by which the size
of abdominal adipose tissue or the actions of insulin
affect liver fat levels is not clear, but whatever the mech-
anisms, the defective VLDL export of liver fat imparts
a greater propensity for the accumulation of fat in the
liver.

Comparable studies of hepatic fat, obesity and insulin
action were performed in the subjects with the chromo-
some 3p21-linked FHBL. These studies demonstrated
an important phenotypic difference between the apoB
truncation and the 3p21 forms of FHBL. While indexes
of abdominal and generalized obesity and insulin
action were similar in the apoB-truncation and the 3p21
groups (and controls), mean hepatic fat content of the
3p21 subjects was significantly lower than in the apoB
truncation group, and similar to controls [54a]. The
differences in phenotypes appear to reflect the different
genotypes of the apoB-defective and the 3p21-linked
groups.
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Animal and cellular models of FHBL

Mice and cells

The synthesis and secretion of apoB-containing lipopro-
teins have been studied in human HepG2 cells, rat
Mc7777 hepatoma cell lines and in primary hepatocytes
[55-60]. Mouse models containing different truncated
forms of apoB have been produced that have helped to
elucidate the pathophysiology of FHBL [61-64]. ApoB
81 [65, 66], apoB 83 [66] and apoB 39 [62] harboring
mice are available. We have produced an apoBS82-
expressing HepG2 cell line [67], and two apoB truncation-
harboring mice, apoB 38.9 [68] and apoB 27.6 [69], using
targeted homologous recombination and the Cre-loxP
system to excise any extraneous genomic sequences.

Lipoprotein metabolism

In contrast with humans, mouse livers produce not only
apoB 100 (and apoB truncations in FHBL), but also apo
B48. Thus, apoB48-containing lipoproteins in mice arise
from both liver and intestine. Our apoB*3%?and apoB*?7:¢
mice exhibit hypobetalipoproteinemia, with low plasma
levels of cholesterol and apoB. As in human heterozy-
gotes, three sub-families of apoB-containing lipoproteins
circulate in FHBL mouse plasma: those containing apoB
100, apoB 48 and the apoB truncation [68, 69]. Plasma
levels of apoB 100 and apoB 48 are about equal, but lev-
els of the truncations are greatly diminished [68, 70]. In
plasmas of the apoB3#9389 and apoB?"27¢ homozygotes,
the only apoB containing lipoproteins circulating are the
truncated forms. In vivo and in vito primary hepatocyte
studies showed that livers of the apoB*3%? mice secrete
apoB 100 at ~1/10" the rate of apoB 48, and apoB 38.9 in
equal-molar amounts with apoB 48. In the apoB"?"¢
mice, too, apoB 100 is secreted at ~1/10% the rate of apoB
48, but apoB 27.6 is secreted at ~5-fold the rate of apoB
48 on a molar basis [68, 69]. Since plasma levels of both
the apoB truncations are less than levels of apoB 48, the
abnormal truncation-containing lipoproteins must be
cleared more rapidly than apoB48-containing lipopro-
teins [71, 72]. The more rapid clearance of the short
apoBs is compatible with previous in vivo studies in hu-
mans and rabbits [41, 44, 49, 50]. Similarly, although
more apoB 48 is secreted than apoB 100, plasma levels
of apoB 48 lipoproteins are equal or less than levels of
apoB 100 lipoproteins, suggesting that apoB 48 lipopro-
teins are cleared more rapidly than apoB 100-lipo-
proteins.

As mentioned, the in vivo production rates of apoB 100 in
humans are ~25% of those of normal controls, instead of
the expected 50% (see above and [46—48]). Similar ‘dom-
inant negative’ types of effects on apoB 100 secretion are
seen in HepG2 cells engineered to express apoB 82 [67]
and mice engineered to express apoB 81 [65]. The
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apoB3**3%9 mice bred with apoB!'%1% mice produce
apoB3391% offspring. Hepatocyte cultures of these ani-
mals synthesize only apoB 38.9 and apoB 100 (no apoB
48), similar to humans. In these mice, apoB 100 is se-
creted at less than the expected 50% of controls. This
dominant negative effect is not due to decreased rates of
synthesis but to reduced rates of secretion from cells; i.e.
intrahepatocytic rates of degradation are increased [73].
The cellular-molecular mechanism responsible for the
enhanced rate of degradation remains to be identified.

Hepatosteatosis in mice

The low rate of synthesis and secretion of normal apoBs,
the rapid clearance of truncation-containing lipoproteins,
and the limited ability of the apoB 38.9 and apoB 27.6
truncations to ferry triglycerides led to the expectation
that the apoB-defective mice would have fatty livers, sim-
ilarly to humans. Indeed, liver triglycerides were in-
creased 1.5- and 3-fold in apoB*3%9 and apoB3#?3%9mice,
respectively, over age- and sex-matched apoB™* wild
types [67, 68]. Liver triglycerides of the apoB*?7¢ and
apoB 279276 increase 3- and 5-fold, respectively [69].
Mean hepatic cholesterol or phospholipid contents were
not significantly elevated. The greater accumulation of
triglycerides in the animals bearing the shorter truncation
is compatible with the more severe defect in the transport
capacity of the shorter truncation. But it is not known
whether an inverse relationship exists between the
lengths of apoB truncations and the amount of fat accu-
mulated in the liver, over a wider range of lengths of
apoB.

Another possibility that could contribute to hepatic TG
accumulation is reduced activity of the beta-oxidation
pathway. Evidence for this is lacking. In fact, mRNA lev-
els for carnitine-palmitoyl transferase, the mediator of the
initial rate-limiting step of beta-oxidation, are unchanged
in apoB 38.9 and apoB 27.6 mice compared with wild-
type littermates [74].

Feedback inhibition of hepatic fatty acid synthesis

The APOB defect-induced disturbance of triglyceride
transport resulted in feedback inhibition of fatty acid
and/or triglyceride synthesis in the liver [75]. This was
accompanied by decreases in hepatic mRNA levels for
the transcription factor SREBP-1c, which regulates sev-
eral lipogenic enzymes in the fatty acid synthetic path-
way. The mRNA levels for two of the enzymes measured,
fatty acid synthase and steroyl-CoA desaturase-1, were
also lower. This feedback would tend to limit the amount
of fat accumulated in the face of the APOB mutation-in-
duced defect in the triglyceride-export pathway. This sug-
gests that the amount of fat accumulated is under the con-
trol of several genes, a contention supported by the inter-
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strain variation of hepatic triglyceride noted in a survey of
10 inbred strains from the Jackson Laboratory. There was
an 8-fold spread of hepatic TG levels between the lowest
and highest hepatic TG contents [74].

Structure-function studies of ApoB

The region between apoB 38.9 and apoB 27.6
supports embryogenesis

Heterozygous crosses between apoB™3%° and apoB*3%* are
expected to yield offspring in the following proportions:
25% apoB ", 25% apoB389389 and 50% apoB*3%°. How-
ever, yields were only ~12% apoB3893%9 homozygotes
[68]. Analogous crosses of the apoB'?7¢ heterozygotes
yielded only 3-4% apoB?"¢27¢ offspring [69], similar to
the yield of null homozygotes (apoB??) in apoB”* X
apoB"* crosses [61]. Thus, induction of a null mutation or
the apoB 27.6 mutation in mouse APOB results in high
degrees of embryonic lethality for homozygotes. By con-
trast, apoB™3%° X apoB*3%* crosses do yield homozygotes
that appear at least grossly normal, but in reduced num-
bers. This suggests that the first 27.6% of the N-terminal
region contains very little, if any, sequence (or structure)
able to support embryogenesis, but the next 11.3% (the
stretch of sequence between apoB 27.6 and apoB 38.9)
does contain such structures. The adequacy of this hypoth-
esis was verified by making apoB3%9 X apoB*?7¢ crosses.
The yields of the resultant compound heterozygotes
(apoB3%276) were nearly identical to the yields of the apoB
38.9 homozygotes. Thus, apoB 38.9 was able to ‘rescue’
apoB 27.6 fetuses [69]. It is not clear how the sizes of
the apoB truncations are related to embryogenesis. It is
possible that the short truncations are not secreted in
sufficient quantity, that they are unable to assemble,
package and transport sufficient lipids in particles, or that
their interactions with fetal structures are impaired so as
to hinder the unloading of their lipid loads. Our data sug-
gest that within the lengths examined, the longer the
apoB, the more functional it is.

ApoB38.9 contains sufficient structure to form
particles that support atherogenesis

ApoE~""mice develop ‘spontaneous’ aortic atherosclerosis
despite eating mouse chow that contains very low
amounts of cholesterol and fat [76, 77]. ApoB-containing
cholesterol-rich particles are responsible for the athero-
sclerosis in these animals. To assess whether particles
containing apoB 38.9 could support the development of
aortic lesions, apoB3*?389mice were crossed with apoE "
mice to produce doubly homozygous apoB338/apoE "~
mice. The plasmas of these mice contained apoB 38.9 as
the sole form of apoB. Yet they developed just as much
aortic atherosclerosis as the apoB**/apoE~ mice. Thus,
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the first 38.9% of the N-terminal end of apoB contains
sufficient structure for the formation of aortic lesions
[78].

Future work

Subjects with the 3p21-linked form of FHBL have very
low plasma apoB and LDL-cholesterol concentrations.
Yet they appear to have no excessive prevalence of fatty
liver [54a]. Therefore, molecules mediating low choles-
terol levels in 3p21-linked subjects could be attractive
targets for lipid-lowering therapy. To this end, elucidation
of the genetic basis of 3p21-linked FHBL remains an
important task.
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