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Abstract

Familial hypobetalipoproteinemia (FHf3), a syndrome char-
acterized by low plasma cholesterol levels, is caused by mu-
tations in the apo-B gene that interfere with the synthesis of
apo-B100. FHB mutations frequently lead to the synthesis
of a truncated form of apo-B, which typically is present in
plasma at < 5% of the levels of apo-B100. Although many
FHB mutations have been characterized, the basic mecha-
nisms causing the low plasma levels of truncated apo-B
variants have not been defined. We used gene targeting to
create a mutant allele that exclusively yields a truncated
apo-B, apo-B83. In mice heterozygous for the Apob® allele,
plasma levels and the size and density distribution of apo-
B83—containing lipoproteins were strikingly similar to those
observed in humans with FHP and an apo-B83 mutation.
Analysis of mice carrying the Apob® mutation revealed two
mechanisms for the low plasma levels of apo-B83. First,
Apob® mRNA levels and apo-B83 secretion were reduced
76 and 72%, respectively. Second, apo-B83 was removed
rapidly from the plasma, compared with apo-B100. This
mouse model provides a new level of understanding of FHR
and adds new insights into apo-B metabolism. (J. Clin. In-
vest. 1998. 101:1468-1477.) Key words: hypolipidemia « lipo-
proteins « cholesterol « exencephalus « nonsense mutations «
mRNA stability

Introduction

Familial hypobetalipoproteinemia (FHB)! is a relatively com-
mon autosomal codominant syndrome characterized by abnor-
mally low plasma concentrations of apo-B and LDL choles-
terol (1). The syndrome is caused by mutations in the apo-B
gene that interfere with the synthesis of a full-length apo-B100
molecule. Heterozygotes for FHP typically have LDL choles-
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terol levels < 40 mg/dl and are asymptomatic. Homozygotes
have extremely low LDL cholesterol levels (= 5 mg/dl), and
the clinical presentation can vary from an absence of symp-
toms to severe neurological and gastrointestinal dysfunction,
depending on the precise nature of the apo-B gene mutation
(1). Nearly all of the mutations reported to cause FHB have
been point mutations leading to premature stop codons (1).

In most well-characterized cases of FHB, a nonsense or
frameshift mutation leads to the synthesis of a truncated form
of apo-B. The concentration of the truncated apo-B in the
plasma is invariably very low, typically < 5% of the concentra-
tion of the apo-B100 produced by a normal allele. This is true
regardless of whether the truncated apo-B is long enough to
form triglyceride-rich lipoproteins (2) or whether it contains
the LDL receptor-binding domain (3, 4).

Despite the molecular characterization of many mutations
causing FHp, the mechanism for the low plasma concentra-
tions of truncated apo-B proteins remains obscure (1). Al-
though the low levels of truncated apo-B’s in FHR can only be
explained by decreased production or enhanced clearance, de-
finitive data on the basic mechanisms are lacking (1). Several
lipoprotein kinetics studies in human subjects with truncated
apo-B’s have suggested enhanced lipoprotein clearance (3,
5-8), whereas others have suggested reduced synthesis of lipo-
proteins (9-11). Unfortunately, kinetics studies with exoge-
nously or endogenously labeled lipoproteins depend on a
number of metabolic assumptions, and data from these experi-
ments cannot be extrapolated to infer the actual rates of apo-B
synthesis and secretion from cells (12).

In recent years, several groups have used gene targeting in
embryonic stem (ES) cells to generate mice carrying modified
apo-B alleles (13-16), but for several reasons, none serves as a
faithful model of human FHB. Homanics et al. (13) used gene
targeting in mouse ES cells to generate a mutant allele that
yielded a truncated apo-B, apo-B70, as well as apo-B48. Un-
like the typical mutations causing human FHp, the apo-B70
mutation introduced a large insertion that affected the struc-
ture of the apo-B mRNA. Not surprisingly, the level of this
structurally abnormal transcript was low. More recently, our
laboratory used gene targeting to replace the apo-B48—editing
codon (codon 2153) of the apo-B gene with a stop codon (15),
thereby generating apo-B48-only mice. These animals had
normal levels of the mutant apo-B mRNA, and their plasma
apo-B48 levels were actually higher than those in wild-type
mice (15). Once again, however, the utility of the apo-B48-
only mice as a model of FHp is questionable because the nor-
mal mRNA levels produced by this mutant allele might simply
reflect the fact that the nonsense mutation was placed into a
natural site.

To create an appropriate model of human FHB and to gain
new and definitive insights into basic mechanisms of the disor-
der, we used gene targeting in mouse ES cells to insert a subtle



mutation (Leu3798Stop) into the mouse apo-B gene, generat-
ing mice that make a truncated apo-B, apo-B83. Here, we
demonstrate that these new gene-targeted mice serve as an ap-
propriate model for studying human FHB, and we use this
model to obtain definitive data regarding the metabolic basis
of FHp.

Methods

Generation of heterozygous apo-B83-only (Apob®¥*) mice. A se-
quence-insertion gene-targeting vector (see Fig. 1) was constructed
from strain B10.A mouse Apob clones 15A5M and 15A6 (15). Clone
15A5M begins 55 bp past the beginning of exon 26 and extends to a
Sacl site at the 3’ end of exon 26 (6540 bp into exon 26). The clone
contains a CTA (Leu) missense mutation at the site of the apo-B
mRNA-editing codon (codon 2153), which prevents the apo-B
mRNA-editing reaction from generating a premature stop codon.
The CTA missense mutation is tagged with a new HindIII site (15).
Clone 15A6 starts at the Sacl site at the 3’ end of exon 26 and extends
to an EcoRlI site 1.2 kb downstream from the polyadenylation signal
of the apo-B gene. Site-directed mutagenesis with the oligonucleotide
5'-GGGTGACACTAGTCTAGTCAACATC-3' (primer B83Stop-
Spe) was used to insert a nonsense mutation into clone 15A6 (gener-
ating clone 15A6M). This mutation changed a CTG (Leu) in exon 26
(corresponding to human apo-B100 amino acid 3,798) to the stop
codon TAG (a Leu3798Stop mutation) and introduced a new Spel
site into the gene. To construct the gene-targeting vector, the 6-kb
insert of p15SASM was removed with Sacl and Sall and directionally
ligated into the Sall and Sacl sites of p15SA6M. Subsequently, a neo-
mycin resistance gene (neo) driven by an RNA polymerase II pro-
moter was inserted into the polylinker Sall site. The vector was then
linearized at a unique Saul site (608 bp into mouse exon 26) and elec-
troporated into RF8 ES cells. Targeted clones were identified by
Southern blot analysis of both HindIII- and Spel-digested genomic
DNA with a probe located 5’ to the sequences contained in the tar-
geting vector. The probe spanned from intron 24 to exon 25 of the
apo-B gene.

Targeted ES cells were microinjected into C57BL/6 blastocysts to
generate male chimeric mice (17), and the chimeras were bred with
C57BL/6 females to generate heterozygous apo-B83-only mice
(Apob®*). The Apob®¥* mice were intercrossed to generate ho-
mozygotes and were bred with apo-B100-only mice (Apob'™1%) to
generate Apob®'% mice. The Apob'"% mice were created earlier
with a gene-targeting vector that lacked the nonsense mutation at
codon 3,798 but was otherwise identical to the apo-B83-only gene-
targeting vector (15). All mice used in this study were weaned at 21 d
of age and fed a chow diet containing 4.5% fat (Ralston Purina Co.,
St. Louis, MO).

Generation of Apob®'"WApoe™~ and Apob®'“Ldlr~'~ mice.
Apob®* mice were crossed with Apoe™~ (18, 19) and Ldlr~’~ (20)
mice to generate Apob®¥* Apoe™™ and Apob®* Ldlr™'~ mice. Apob®¥'*
Apoe*’~ were then crossed with Apob'®'%Apoe™~ mice to gener-
ate Apob®'""Apoe~ offspring. Apob®* Ldlr*'~ mice were crossed
with Apob™ % dlr~~ mice to generate Apob®'WApoe™" offspring.
Apoe and Ldlr genotyping was performed by Southern blot and PCR
analysis of tail DNA.

Lipoprotein fractionation and Western blot detection of apo-B.
VLDL fractions were prepared from mouse plasma samples by ultra-
centrifugation. Plasma was also size-fractionated by fast-performance
liquid chromatography (FPLC) (21). Apo-B in the plasma or lipopro-
tein fractions was detected by Western blots as described previously
(21). The intensity of the bands was quantified with a GS300 trans-
mittance/reflectance scanning densitometer and the GS-365 data sys-
tem for densitometer (Hoefer Scientific Instruments, San Francisco,
CA). Levels of radioactivity within protein bands were determined
with a PhosphorImager (Fuji Bio-Imaging Analyzer, BAS 1000 with
MacBAS; Fuji Medical Systems, USA, Inc., Stamford, CT). For some

experiments, we used fresh plasma from the proband of the apo-B83
kindred, a kindred with FHP that we analyzed previously in associa-
tion with Dr. A. Garg and Dr. S. Grundy (University of Texas South-
western Medical Center, Dallas, TX) (22). To detect human apo-B on
Western blots, we used the human apo-B-specific monoclonal anti-
bodies 1D1 or C1.4 (23, 24).

A specific radioimmunoassay for mouse apo-B100. To measure
the concentration of apo-B100 in mouse plasma, we used a sandwich
radioimmunoassay using two different mouse apo-B100-specific
monoclonal antibodies, LF3 and LF5.2 The assay for mouse apo-B100
is essentially identical to the sandwich assay that we have used exten-
sively to measure human apo-B100 (25-28), except that different
monoclonal antibodies were used. Antibody LF5 was used to coat 96-
well polyvinylchloride plates, and »I-LF3 (400,000 cpm per well) was
used to detect mouse apo-B100. The background binding '*I-LF3 in
the absence of mouse apo-B100 was virtually absent; the assay did not
detect any mouse apo-B in the plasma of human apo-B transgenic
mice lacking mouse apo-B (29) or in the plasma of apo-E—deficient
apo-B48-only mice (30).

Amplification of a cDNA fragment for primer extension analysis.
To quantify the relative proportions of transcripts from the two dif-
ferent apo-B alleles in the liver, intestine, and yolk sac of Apob®'* or
Apob®'% mice, a primer extension assay was used, as outlined below.
To obtain the template for the primer extension assay, reverse tran-
scription (RT)-PCR was used to amplify a segment of the apo-B
transcript. Total RNA from the liver, yolk sac, and intestine of
Apob®* and Apob®'™ mice was isolated with the RNA STAT-60
kit. The first strand of cDNA was synthesized from 5.0 pg of total
RNA with an RT-PCR Kit (Stratagene, Inc., La Jolla, CA) and a spe-
cific primer corresponding to sequences in exon 28 of the mouse
Apob gene (5'~-AGGTGAGCCTCTCCCTGCCAGTCC-3’ [primer
8400bottom]). The cDNA was amplified with Taq polymerase (Boeh-
ringer Mannheim Biochemicals, Indianapolis, IN), oligonucleotide
primer 8400bottom, and a second oligonucleotide located in exon 26
(5'-GCCTCAACCTAACAATGCTCCCC-3’ [primer 7191top]).

Primer extension assay. The primer extension assay was de-
signed to quantify the relative proportions of transcripts from the two
different alleles in Apob®3 ™ and Apob®¥'% mice. Briefly, a labeled oli-
gonucleotide located immediately downstream from the apo-B83
nonsense mutation was annealed to the amplified cDNA template
and extended in the presence of dideoxy-TTP. Because of the non-
sense mutation in the Apob® allele, the primer extension product
from the Apob® cDNA was 28 bp in length versus 33 bp for the
Apob™ or Apob'™ cDNA. After size-fractionated by electrophoresis
on an 8% polyacrylamide gel containing 7.5 M urea and 1 X TBE,
gels were then dried and exposed to autoradiographic film. The ra-
dioactivity in each band was quantified using the AMBIS radioana-
lytic imaging system (San Diego, CA). For data analysis, all values
are expressed as mean*SEM. A ¢ test was used for statistical compar-
isons.

Analysis of pre-mRNA. The primer extension assay was de-
signed to quantify the relative proportions of apo-B pre-mRNA from
the two different alleles in Apob®* and Apob®'*’ mice. For these ex-
periments, 5.0 pg of liver RNA was treated with 2 U of DNase I
(RNase free; Boehringer Mannheim Biochemicals) for 30 min at
37°C. After the DNase was heat inactivated, the first strand of cDNA
was synthesized with the RT-PCR Kit (Stratagene, Inc.) and an in-
tron 26-specific primer (5'-GAACTCAGTTGGAATAACATAG-
TATC-3' [primer in26bottom]). Subsequently, a segment of cDNA
was amplified with Taqg polymerase and oligonucleotides primer

2. Mouse monoclonal antibodies specific for mouse apo-B100 were
generated in apo-B48-only mice that had been immunized with apo-
B100 (Flynn, L., C. Huffine, and S. Young, manuscript in prepara-
tion). Both of the mouse monoclonal antibodies used in the RIA bind
downstream from the carboxyl terminus of apo-B83.
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in26bottom and primer 7191top. The PCR product was 507 bp. To
determine if the RNA sample contained small amounts of genomic
DNA despite DNase treatment, control PCR reactions were per-
formed with RNA samples that had not undergone the reverse tran-
scriptase step.

Isolation of primary hepatocytes from mouse liver. Primary mouse
hepatocytes were prepared using a protocol similar to one described
for isolating primary rat hepatocytes (31). The mice were anesthe-
tized with ethyl ether, and a cannula was inserted into the inferior
vena cava via the right atrium. The liver was retrogradely perfused
with liver perfusion medium (Life Technologies, Gaithersburg, MD)
and then collagenase-lipase medium (Life Technologies). The perfu-
sate was drained through an incision in the portal vein. The digested
liver was then removed, minced with iris scissors, and dispersed by pi-
petting up and down several times. The cell suspension was filtered
through sterile gauze and centrifuged at 60 g. Hepatocytes were then
resuspended in hepatocyte wash medium (Life Technologies) and
pelleted by centrifugation at 60 g. After three wash cycles, 6.4 x 10°
cells were plated in each well of six-well plates coated with rat tail col-
lagen type I and incubated at 37°C under 5% CO, with 2 ml of culture
medium consisting of DME (with glucose [4500 mg/liter]; with
NaHCO;; without methionine, cysteine, and glutamine [Sigma, St.
Louis, MOJ]) supplemented with 1% (vol/vol) 200 mM glutamine,
2.5% (vol/vol) 100 mM sodium pyruvate, 1% (vol/vol) 10 mM nonessen-
tial amino acids, and 6.5% (vol/vol) FBS (Life Technologies). Hepa-
tocytes were then used for either RNA stability studies or metabolic
labeling experiments (see below).

Metabolic labeling experiments with primary hepatocytes. 2 h after
hepatocytes were plated (see above), 50 pl of Pro-mix (530 MBg/ml;
Amersham Corp., Arlington Heights, IL), an L-[*S]methionine label-
ing solution, was added to each well. After a 3-h incubation at 37°C,
the medium was collected. The cells were washed three times with
PBS (Digene Corp., Beltsville, MD), harvested, and disrupted by son-
ication for 10 s in a model 400 sonifier (duty cycle constant, output
control 0.3; Branson Ultrasonics Corp., Danbury, CT). The relative
amounts of apo-B83 and apo-B100 in cells were determined by im-
munoprecipitating the apo-B with a mouse apo-B-specific antiserum
(21) and then size-fractionating the immune complexes on an SDS-
polyacrylamide gel (32). Dried gels were then analyzed with a Phos-
phorImager.

The apo-B—containing lipoproteins secreted into the primary
hepatocyte medium were separated by discontinuous sucrose gradi-
ent ultracentrifugation (32). Gradients were unloaded into eight frac-
tions, and apo-B was precipitated from each fraction with a mouse
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apo-B-specific antiserum (21), according to published immunopre-
cipitation protocols (32). Once again, the immune complexes were
analyzed by SDS-PAGE and Phosphorlmager and scanning densi-
tometer analysis.

Inhibition of lipoprotein clearance in Apob®”'"’ mice. Triton WR-
1339 (Tyloxapol, 20% stock solution in PBS [vol/vol]; Sigma Chemi-
cal Co.) at a dose of 500 mg/kg of body weight was injected directly
into the jugular veins of anesthetized Apob%¥'® mice using an insulin
syringe. This detergent has been shown to block lipoprotein clearance
(33). Mice were bled from the retroorbital plexus before Triton WR-
1339 injection and several time points after injection. Levels of apo-
B83 compared with apo-B100 were assessed by Western blot analysis
as described earlier.

Examination of mouse embryos. Timed matings were established
as described previously (14, 34). Pregnant females were killed on days
10.5, 12.5, 14.5-16.5, 18.5, and 20.5 post coitus (p.c.). After dissection
of the embryo and fetal membranes from the uterus, portions of the
fetal membranes or embryos were fixed in 3% paraformaldehyde or
used for DNA/RNA isolation. Fixed tissues were sectioned, stained
with hematoxylin and eosin, and examined by light microscopy.

Results

Generation of heterozygous apo-B83-only mice. To generate
a mouse model of human FHP associated with a truncated
apo-B, we used a sequence-insertion gene-targeting vector
(Fig. 1) to insert two subtle mutations into exon 26 of the
mouse apo-B gene. The first mutation, Leu3798Stop, was a
point mutation typical of those causing FHB in humans and
was predicted to yield a truncated apo-B protein, apo-B8&3.
The second mutation was a CTA-missense mutation in the
apo-B mRNA-editing codon (codon 2,153) that prevented the
apo-B mRNA-editing machinery from generating a stop
codon, thereby abrogating the formation of apo-B48. Elimi-
nating apo-B48 synthesis is essential for creating a mouse
model of human FHf because mouse liver possesses apo-B
mRNA-editing activity and produces a substantial amount of
apo-B48, whereas the human liver lacks editing activity and
synthesizes no apo-B48. Previously, we used the same CTA-
missense mutation to generate gene-targeted mice that synthe-
size exclusively apo-B100 (apo-B100-only mice), and estab-

Mutations in the
Apob?83 Allele

Codon 2153

CAA(GIn) — CTA(Leu)
Tagged with new Hindlll site
Codon 3798

CTG(Leu) — TAG(Stop)
Tagged with new Spdl site

Figure 1. Diagram of the apo-B83
gene—targeting vector, the mouse

apo-B gene, and a targeted Apob®
allele. The gene-targeting vector
contained a nonsense mutation (and
anew Spel site) in the 3’ portion of
exon 26 (Codon 3798). In addition,
to eliminate apo-B48 production
from the mutant allele, codon 2153
(the apo-B48—editing site) was
changed from CAA to CTA. This
latter mutation was tagged with a
new HindlII site.

26 2728 29



lished that the CTA-missense mutation eliminates apo-B48
production without affecting intestinal or hepatic apo-B mRNA
levels (15).

The apo-B83 gene-targeting vector was electroporated in
ES cells, and two targeted clones were identified (from a total
of 196) by Southern blot analysis of HindIII-digested genomic
DNA. This screening strategy identified ES cell clones con-
taining the CTA-missense mutation at residue 2,153 (which is
tagged by a new HindIII site) (Fig. 1). Subsequent Southern
blotting of Spel-digested genomic DNA with the same probe
revealed that both targeted ES cell clones contained a new
Spel site at the 3’ end of exon 26, indicating that both clones
also contained the nonsense mutation. Both ES cell clones
were used to generate high-percentage male chimeric mice,
which were bred with C57BL/6 females. All chimeras from
both ES cell lines transmitted the targeted mutation to their
progeny, generating heterozygous apo-B83-only (Apob®¥™)
mice. These mice developed normally, and both males and fe-
males were healthy and fertile. However, the homozygous
mice (Apob®¥®) manifested severe developmental abnormali-
ties, and only several live animals were born (see analysis be-
low). The phenotypes of Apob®¥* derived from the two tar-
geted ES cell clones were identical. Likewise, the phenotypes
of Apob®® mice derived from the two targeted ES cell clones
were identical.

Generation and analysis of Apob®'% mice. The Apob®*
mice were mated with Apob'"'%° mice (15) to generate
Apob®1% mice. By Western blot analysis, apo-B83 was virtu-
ally undetectable in the plasma of the Apob®1% mice, but the
Apob®'% mice could nevertheless be distinguished from the
Apob'"* mice because the plasma of the Apob®'%® mice
lacked apo-B48 (and had relatively low levels of apo-B100)
(Fig. 2).

In subsequent experiments, we were able to identify very
small amounts of apo-B83 in the plasma of mice fed a chow
diet ad libitum, but apo-B83 was consistently undetectable in
mice after a 4-h fast (data not shown). In contrast, apo-B83
was readily detectable in the VLDL of Apob®¥1% mice (Fig. 3),
reflecting this fraction’s enrichment in apo-B83. In the VLDL,
the ratio of apo-B83 to apo-B100 was 10:1 (see Fig. 3 legend).

Remarkably, the relative amounts of apo-B83 and apo-
B100 in the VLDL of the Apob®¥'® mice appeared to be iden-
tical to those in the VLDL of a human subject who was het-
erozygous for an apo-B83 mutation (22) (Fig. 3). In this human
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Figure 2. Western blot analysis of the plasma from Apob%¥'® and

Apob'* mice. Apo-B48 was present in the plasma of Apob'™* mice
but was absent in the plasma of Apob®¥'® mice; the concentration of
apo-B100 was lower in the Apob®¥' mice than in the Apob'™" mice.
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Figure 3. Western blot analysis of VLDL and plasma from Apob331%
mice and from a human subject who was heterozygous for an apo-
B83 mutation. The human VLDL sample was prepared from plasma
obtained after an overnight fast. Mouse VLDL was prepared from
plasma pooled from four Apob®¥'% mice that had been fasted for 4 h.
By scanning densitometer, the ratio of apo-B83 to apo-B100 in the
human apo-B83 heterozygote was 1:5.5, and it was 1:10 in the VLDL
of the Apob3¥'® mice. Similar results were obtained with Phosphor-
Imager analysis.

apo-B83 heterozygote, apo-B83 was virtually undetectable in
the plasma but was easily detectable in the VLDL. (Previ-
ously, we showed that apo-B83 was easily detectable in the
VLDL fraction of human apo-B83 heterozygotes, but was un-
detectable in the LDL, even on a silver-stained SDS-polyacryl-
amide gel; reference 22.) When plasma from Apob3¥1% mice
was size-fractionated on an FPLC column, apo-B83 could be
clearly identified only in the first of the VLDL fractions (Fig.
4). In contrast, most of the mouse apo-B100 was located within
LDL-sized particles. In the human sample, apo-B83 and apo-
B48 were easily identified in the first of the three VLDL frac-
tions, and only a trace of apo-B83 and apo-B48 were found in
the intermediary density lipoproteins (IDL)/LDL fractions,
where the vast majority of the apo-B100 was located (data not
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Figure 4. Distribution of apo-B proteins in the plasma of Apob331%
mice. Plasma from mice was size-fractionated by FPLC. Consecutive
fractions were then pooled and analyzed by a Western blot of an
SDS-polyacrylamide gel. Apo-B83 was clearly identifiable only in the
first of the three VLDL fractions. The ratio of apo-B83 to apo-B100
in the first of the three VLDL fractions was 1:9, yet only 16% of the
apo-B100 was located in the VLDL fractions. We therefore estimate
that the concentration of apo-B83 in the whole plasma of the
Apob®% mice was ~ 2% of that of apo-B100. The intensities of apo-
B83 and apo-B100 bands were quantified with a PhosphorImager.
When the plasma from the human apo-B83 heterozygote was ana-
lyzed by FPLC, virtually identical results were obtained (data not
shown).
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Figure 5. Primer extension analysis of the steady state levels of Apob** mRNA. (A) RT-PCR reactions demonstrating the enzymatic amplifica-
tion of a 592-bp fragment of the apo-B cDNA from Apob®¥'% mice with oligonucleotide primers homologous to sequences within exons 26 and
28 of the apo-B gene. Identical results were obtained with yolk sac RNA. (B) Primer extension assay of the RT-PCR products from Apob3¥1%
mice. With an Apob'® (or Apob™) allele, the product of the primer extension reaction is 33 bp, whereas it is 28 bp for the Apob® allele. Identical
results were obtained with cDNA amplified from livers, yolk sacs, and intestines of Apob®¥* mice.

shown). The striking similarity in the amount of apo-B83 in the
plasma of the Apob®'® mice and the plasma of the human
apo-B83 heterozygote, along with the striking similarity in the
size and density distribution of human and mouse apo-B83,
strongly suggests that the Apob®¥'® mice are a useful model
for studying mechanisms of human FHRB.

Cholesterol and apo-BI100 levels in Apob®'® and Apob"'%
mice. The mean total plasma cholesterol level was lower in
female Apob¥'® mice (n = 8) than in age- and sex-matched
Apob'% mice (n = 5) (26.9%2.4 mg/dl versus 45.6=3.0 mg/
dl; P = 0.0005). We measured mouse apo-B100 levels in
Apob®1% and Apob'%1% mice using a monoclonal antibody-
based RIA. The plasma levels of apo-B100 in Apob®1% mice
were 36% of those in Apob'"'® mice (2,402+68 cpm versus
8,671+830 cpm, respectively; P < 0.002). Thus, the amount of
apo-B100 in the Apob®/'% mice was less than half of that in the
Apob'%1% mice. A less-than-half-normal amount of apo-B100
is very frequently found in human FHB (1).

The Apob® allele is associated with low levels of apo-B
mRNA. To determine if the Apob® allele produced normal
levels of the apo-B mRNA and to determine if the apo-B tran-
script was of normal length, we used Northern blots to exam-
ine the RNA from yolk sacs of 15-d Apob®/3 and wild-type
embryos. Both wild-type and Apob®® yolk sacs contained
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apo-B transcripts of the identical length (~ 14 kb); however,
the apo-B mRNA level was lower in the yolk sacs from
Apob®¥33 embryos (data not shown).

To further examine the reduced mRNA levels associated
with the Apob® allele, we used primer extension assays to
compare the relative amounts of the Apob® and Apob'®
mRNA levels in the liver (n = 4), intestine (n = 2), and yolk
sac (n = 2) of Apob®'™ mice. The steady state levels of the
Apob® transcript were reduced by 77+2% in the liver (see
Fig. 8), 75% in the intestine (Fig. 5), and 76% in the yolk sac,
compared with the levels of the Apob!'® transcript. In parallel
experiments in Apob®* mice, Apob® transcripts were also re-
duced by 75% compared with the wild-type (Apob™) tran-
scripts (data not shown). Finding identical ratios in the Apob®/1%
and Apob®'* mice is consistent with our prior finding that the
apo-B100-only mutation has no effect on apo-B mRNA levels
(15). In an additional series of experiments, we measured the
relative amounts of the Apob® and Apob'® mRNA levels in
primary hepatocytes from Apob%1% mice, both at baseline,
and after inhibition of RNA transcription with actinomycin D.
Interestingly, actinomycin D treatment did not perturb the rel-
ative amounts of Apob® and Apob'® transcripts within the cell
(data not shown).

To determine whether the metabolism of Apob® pre-mRNA

B Figure 6. Primer exten-

sion analysis of enzymati-
cally amplified apo-B pre-
mRNA. (A) An RT-PCR
reaction on liver RNA

of five Apob®'% mice.
Oligonucleotide primers
within exon 26 and intron
26 were used to amplify
unspliced mRNA from
the liver RNA of
Apob®1% mice. The
RT-PCR product was

Apob100

507 bp. No product was obtained from PCR reactions in which the reverse transcriptase step was omitted. (B) Primer extension assay on the

RT-PCR products from the livers of five Apob®¥'% mice.
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Figure 7. Secretion of apo-B83 by primary
hepatocytes from Apob®'® mice. After
primary hepatocytes were incubated with
[?*S]methionine, the medium was fraction-
ated by discontinuous sucrose gradient
ultracentrifugation. The apo-B proteins
were then immunoprecipitated from each
fraction, and the immune complexes were
fractionated by SDS-PAGE. (A) The
VLDL/IDL fractions from the discontinu-

ous sucrose gradient ultracentrifugation; (B) an unfractionated cell culture medium. Compared with apo-B100, the amount of apo-B83 secreted
was reduced by ~ 75%, as judged by PhosphorImager and scanning densitometer analysis. Similar results were obtained in two additional exper-

iments.

was altered, we quantified the relative amounts of Apob®’ and
Apob'® pre-mRNAs. RNA from the livers of Apob3¥'% mice
(n = 5) was treated with DNase and then reverse transcribed.
A 507-bp segment of the pre-mRNA was enzymatically ampli-
fied and analyzed by primer extension assay. The absence of
genomic DNA contamination was documented by the inability
to amplify the 507-bp DNA fragment from RNA in the ab-
sence of the reverse transcription step (Fig. 6 A). This analysis
showed that the steady state levels of hepatic Apob® pre-
mRNA levels were slightly but significantly higher (P < 0.01)
than the Apob'® pre-mRNA levels (the ratio of Apob® to
Apob' pre-mRNA in five Apob®'% mice was 1.16+0.04;
Fig. 6 B).

Production of apo-B from the Apob® and Apob'” alleles.
To assess the amount of the truncated apo-B produced and se-
creted by hepatocytes, we prepared primary hepatocytes from
Apob®1% mice (n = 3) and performed [**S]methionine-meta-
bolic labeling/immunoprecipitation experiments. Compared
with apo-B100, the amount of apo-B83 in Apob®¥'® hepato-
cyte lysates was reduced by 60+x12% (data not shown), as
judged by Phosphorlmager analysis. The amount of apo-B83
in unfractionated cell culture medium was reduced by 72+5%
(Fig. 7 B). Similar results were obtained when the autoradio-
graphs were analyzed with a scanning densitometer. Fraction-
ation of the cell culture media revealed that the majority of the
apo-B83, like apo-B100, was secreted as VLDL/IDL (Fig. 7 A).
As judged by densitometer analysis, the apo-B83 band in each
of the VLDL/IDL fractions was ~ 25% as much as the apo-
B100 band. The fact that the amount of apo-B83 in the plasma
of Apob®'® was only ~ 2% of that of apo-B100 (Figs. 3 and
4), despite hepatocyte synthesis and secretion rates that were
~ 25-30% of normal, strongly suggested that apo-B83 must be
removed rapidly from the plasma of Apob®¥1% mice.

Apo-B83 is cleared from plasma more rapidly than apo-
B100. To confirm that significant amounts of apo-B83 are se-
creted in vivo and to assess whether the apo-B83—containing li-
poproteins are cleared from plasma rapidly, we analyzed the
relative amounts of apo-B83 and apo-B100 in Apob®¥'® mice
at baseline and again after the clearance of lipoproteins from
the plasma was blocked with the detergent, Triton WR-1339.
For these studies, the relative amounts of apo-B83 and apo-
B100 in the plasma was judged by Western blots of plasma.
Before injection of Triton WR-1339, apo-B83 was not detect-
able in the plasma. However, increasing amounts of apo-B83
(compared with apo-B100) were observed in the plasma after
the administration of Triton WR-1339 (Fig. 8). Thus, blocking

the clearance of the plasma lipoproteins results in a significant
enrichment of apo-B83 in the plasma, relative to apo-B100, in-
dicating that in the setting of normal clearance mechanisms
(i.e., the absence of Triton WR-1339), apo-B83 is cleared
much more rapidly than apo-B100.

Apo-E and the LDL receptor are important for the rapid
clearance of apo-B83. To assess what roles apo-E and the
LDL receptor play in the clearance of apo-B83 compared with
apo-B100, we generated Apob®'%Apoe™~ and Apob®1%0
Ldlr~"~ mice. In both Apob¥¥'®Apoe™~ (n = 3) and Apob®31%0
Ldir”'= (n = 4) mice, apo-B83 was readily detectable in
plasma by Western blot analysis, whereas apo-B83 could not
be detected in plasma of an Apob®'% (n = 3; Fig. 9). The larger
amount of apo-B83 (relative to apo-B100) in the Apob®3¥1%0
Apoe™~ and Apob®'Ldlr~'~ mice (compared with the
Apob®1% mice) indicates that apo-B83 is normally cleared
more rapidly than apo-B100, and that both apo-E and the
LDL receptor play roles in the rapid clearance of apo-B83.

Embryonic/perinatal lethality in apo-B83—only homo-
zygotes. Reduced apo-B synthesis and secretion was associ-
ated with developmental abnormalities in homozygous apo-B
knockout mice (14, 16, 34) and homozygous apo-B70 mice
(13, 35). To determine if homozygous apo-B83-only mice
would manifest similar developmental defects, we intercrossed
Apob®™ mice and examined the genotypes of the offspring at
weaning (~ 21 d after birth). From 20 litters, we identified 102

Apob83f100 Apob'lOOf'IOD

B100—
3100 — g o o "ﬂ-’
Time(h): 0 2 5 8 0 2 5 8

Figure 8. Inhibition of lipoprotein clearance in Apob®'®° mice. The
clearance of lipoproteins from the plasma of Apob®¥'® mice was in-
hibited in vivo with Triton WR-1339. Blood was collected at several
time points after injection. Before Triton WR-1339 injection, West-
ern blot analysis of plasma revealed no apo-B83; however, after ad-
ministration of Triton WR-1339, increasing amounts of apo-B83, rel-
ative to apo-B100, were apparent. Results from a single Apob®¥1%
mouse are shown. Identical results were obtained in another
Apob*% mouse in a subsequent experiment.
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Figure 9. Rapid clearance of apo-B83 through apo-E- and LDL re-
ceptor-mediated pathways. Western blot analysis revealed that apo-
B83 was readily detectable in the plasma of Apob®'CApoe™'" (n = 2)
and Apob®'CLdIr~'~ (n = 3) mice, but not in the plasma of Apob31%
controls. Identical results were obtained in several additional experi-
ments.

Apob®* and 44 Apob™'* mice, but there were no Apob®/®
mice. To further explore the absence of Apob®s offspring,
timed pregnancies of Apob®¥ ™ mice were established, and em-
bryos were genotyped by Southern blot analysis (data not
shown) and examined at gestational time points ranging from
10.5 to 20.5 days p.c. Interestingly, when the results from each
of the time points were combined, Apob®s3 embryos were
identified at the expected Mendelian frequency (Table I). The
majority of Apob®¥® embryos, however, exhibited develop-
mental abnormalities, including exencephalus, hemorrhage
from the brain into the amniotic fluid, growth retardation, or
herniation of the liver into the umbilical cord (Table I and Fig.
10). These abnormalities were never observed in Apob®¥* or
Apob™'* offspring. Microscopic analysis of Apob®83 embryos
confirmed the presence of liver herniation and exencephalus.
Because several viable homozygotes were identified during
late gestation, we genotyped several newborn litters (day 1-3)
from Apob%¥™ intercrosses. Two homozygotes were born alive,
but both were eaten by their mother during the first 48 h of life
(Table I). A single Apob®¥® mouse, which was grossly normal
in appearance, was identified at 19 d of age, but died on day 20
before blood was sampled.

Discussion

During the past 10 yr, dozens of point mutations causing trun-
cated apo-B’s and FHB have been defined, and with each of
these mutations, the plasma levels of the truncated apo-B have
been very low (1). To define the cellular and molecular mecha-
nisms for the low apo-B levels in FHB, we used gene targeting
in mouse ES cells to generate a mouse with a point mutation in
the apo-B gene that resulted in the synthesis of a truncated
apo-B, apo-B83. This targeted mutation produced a pheno-
type identical to that in humans with FHpB: low plasma levels of
the apo-B—containing lipoproteins and remarkably low plasma
levels of the truncated apo-B. This new gene-targeted mouse
model has enabled us to examine, for the first time, how a non-
sense mutation in the coding sequences of the apo-B gene af-
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Table I.

Age Litters Apob*'* Apob®* Apob®¥$ Resorbed

10.5 p.c. 1 2 6 4 0
125 p.c. 1 4 3 5 0
14.5 p.c. 2 7 6 2 (1)¢ 4
155 p.c. 2 3 9 42 7
16.5 p.c. 1 4 6 2 (1)* 1
18.5 p.c. 1 0 7 1(1)* 1
205 p.c. 1 1 8 3(3)¢ 0
Totals (after birth) 21 45 21 (8)* 13

Day 1-3 3 5 8 4%

Day 21 20 44 102 0

*Two pups were stillborn, and two pups were eaten by their mother on
day 2. "Number of embryos manifesting gross pathology including exen-
cephalus, herniation of the liver into the umbilical cord, bloody amniotic
fluid, and/or death.

fects the level of the apo-B mRNA and the levels of apo-B
synthesis and secretion by the liver.

In mice carrying the apo-B83 mutation, the secretion of the
truncated apo-B from hepatocytes was reduced by ~ 75%,
in parallel with a virtually identical reduction in the levels of
the mutant apo-B mRNA. However, the extremely low levels
of the truncated apo-B in the plasma (~ 2%) were strikingly
disproportional to the amount synthesized and secreted by
hepatocytes (~ 25%). This observation led us to suspect that
apo-B83 must be cleared from the plasma significantly more
rapidly than apo-B100. This suspicion was confirmed when we
examined the plasma levels of apo-B83, relative to apo-B100,
in Apob®1% mice under experimental conditions in which li-
poprotein clearance was inhibited, either pharmacologically
(Triton WR-1339) or genetically (apo-E or LDL receptor defi-
ciency). Thus, two different mechanisms—Ilow synthesis and
rapid clearance—contributed to the remarkably low levels of
apo-B83 in the plasma of mice carrying the apo-B83 mutation?

In our studies, the ~ 75% reduction in Apob®> mRNA lev-
els was documented by performing a direct comparison of the
amount of Apob% mRNA with the amounts of Apob'® or
wild-type apo-B mRNAs. Although there are a number of pre-
cedents for low mRNA levels associated with nonsense muta-
tions (36-39), reduced Apob*® mRNA levels were somewhat
unexpected, inasmuch as apo-B mRNA levels were normal in
apo-B48-only mice, which were generated by inserting a TGA
stop codon into the apo-B48-editing codon within exon 26
(15). It seems possible that mRNA levels are maintained when
the nonsense mutation is placed into a physiologically normal
site, whereas mutations at unnatural sites may result in re-
duced mRNA levels.

The relative levels of Apob® versus Apob'® mRNA in
Apob®1% primary hepatocytes remained perfectly constant

3. We believe that it is quite possible that mechanisms for hypobetali-
poproteinemia could be different with mutations at other sites in the
apo-B gene. For example, some mutations might decrease apo-B syn-
thesis rates but have little effect on lipoprotein clearance.



over a 24-h period of transcription inhibition with actinomycin
D. Although this observation suggests that the stability of cy-
toplasmic Apob®> mRNA may not be reduced, it is important
to be cautious about the interpretation of this type of experi-
ment, since actinomycin D can have a paradoxical effect of sta-
bilizing specific mRNAs (36). Therefore, other mechanisms
(i.e., alterations in Apob® pre-mRNA metabolism, nuclear
Apob® mRNA metabolism, and nuclear export) could play a
role in the reduced steady state levels of Apob® mRNA.

Both apo-B100 and apo-B83 are secreted on large VLDL
particles. However, the majority of apo-B100 in mouse plasma
resides in the LDL, while apo-B83 is virtually undetectable in
the LDL. There are several potential explanations for these
findings. One is that apo-B83-containing lipoproteins, like
apo-B48—containing lipoproteins, accommodate more apo-E,
leading to a more rapid clearance from the plasma. However,
it is unlikely that this mechanism represents the whole story
because significant amounts of apo-B48 are normally present
in mouse LDL (21). A second explanation is that the trunca-
tion of the apo-B molecule enhances lipoprotein binding to the

Figure 10. Developmental abnormalities in
Apob®¥® embryos. (A) A normal mouse em-
bryo at 16.5 d p.c. (B—-D) Apob®/33 embryos at
16.5 d p.c. The embryos in B and D have exen-
cephalus. The embryos in C and D have herni-
ation of the liver into the umbilical cord. The
embryos in panels A-C were derived from the
same pregnancy.

LDL receptor. Schonfeld’s group has previously suggested
that LDL containing a long truncated apo-B (such as apo-B83)
might have enhanced binding to the LDL receptor (4). In addi-
tion to enhanced binding of LDL, we speculate that the apo-
B83 mutation might lead to enhanced binding of VLDL to the
LDL receptor. It is widely believed that the apo-B100 mole-
cule on VLDL particles is not in the proper conformation for
binding to the LDL receptor and attains the suitable confor-
mation only after metabolic processing to LDL (40). We sug-
gest that apo-B83—containing VLDL might be perfectly capa-
ble of binding to the LDL receptor, which explains why this
protein is cleared without metabolic processing to LDL. In-
deed, it seems possible that many newly secreted apo-B83-
containing VLDL are actually taken up within the Space of
Disse before entering the bloodstream.

The lethal abnormalities in the homozygous Apob®¥® em-
bryos, which were similar to but less severe than those re-
ported in homozygous apo-B-knockout mice (14, 16, 34),
underscore the critical role of apo-B synthesis in mouse devel-
opment. It is noteworthy that both the apo-B70 mice (which
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synthesize both apo-B48 and apo-B70) (13) and the apo-B83-
only mice manifested developmental abnormalities in the set-
ting of quarter-normal levels of apo-B mRNA and apo-B syn-
thesis, suggesting that this amount may fall below a threshold
required for mouse development. The abnormalities we ob-
served are also similar to those in vitamin E-deficient rat em-
bryos (41-43) and therefore might be caused by a deficiency in
this fat-soluble vitamin.
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