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Abstract

apoB DNA, RNA, and protein from two patients with homo-
zygous hypobetalipoproteinemia (HBL) were evaluated and
compared with normal individuals. Southern blot analysis with
10 different cDNA probes revealed a normal gene without
major insertions, deletions, or rearrangements. Northern and
slot blot analyses of total liver mRNAfrom HBL patients
documented a normal size apoB mRNAthat was present in
greatly reduced quantities. ApoB protein was detected within
HBL hepatocytes utilizing immunohistochemical techniques;
however, it was markedly reduced in quantity when compared
with control samples. No apoB was detectable in the plasma of
HBL individuals with an ELISA assay. These data are most
consistent with a mutation in the coding portion of the apoB
gene in HBLpatients, leading to an abnormal apoB protein and
apoB mRNAinstability. These results are distinct from those
previously noted in abetalipoproteinemia, which was charac-
terized by an elevated level of hepatic apoB mRNAand accu-
mulation of intracellular hepatic apoB protein.

Introduction

Homozygous familial hypobetalipoproteinemia (HBL)' is a
rare disease characterized by low plasma concentrations of
cholesterol and triglycerides and a virtual absence of apoB as
well as the apoB-containing lipoproteins including chylomi-
crons, VLDL, IDL, and LDL. HBL has been proposed to be
due to a defect in synthesis and secretion of triglyceride-rich
apoB- 100 and apoB-48 containing lipoprotein particles by the
liver and intestine (1).

Clinically, the homozygous form of this disease presents
with early and late complications secondary to the absence of
apoB-containing lipoproteins. Acanthocytosis and fat malab-
sorption may be exhibited from birth (1, 2). Acanthocytosis is
associated with an abnormally low sphingomyelin to phos-
phatidylcholine ratio in the red cell (1), while the fat malab-
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sorption results from the inability of enterocytes to synthesize
and secrete triglyceride-rich chylomicrons (2). The late se-
quelae are secondary to malabsorption of fat soluble vitamins
(3). Of particular importance are retinitis pigmentosa and neu-
rological findings similar to Friedrich's ataxia. The neurologic
and retinal diseases are likely to be secondary to prolonged
vitamin E deficiency as the development or progression of
these symptoms may be retarded by vitamin E supplementa-
tion (4). Vitamin K deficiency can result in clotting abnormal-
ities (5, 6). Typical manifestations of vitamin A or D defi-
ciency are rarely observed in these patients (1, 3).

The present studies were undertaken to evaluate the molec-
ular defect in homozygous HBL, and compare it with our
previous findings reported in abetalipoproteinemia (ABL) (7).

Methods
Experimental subjects. Two patients with HBLwere evaluated. Patient
l is a 54-yr-old womanwho has been reported previously (6). Patient 2,
a 47-yr-old caucasian female, has acanthocytosis, subtle pigmentary
changes consistent with retinitis pigmentosa, and a mild sensory poly-
neuropathy with a resultant sensory ataxia. Lipoprotein analyses were
performed in the proband as well as other obligate heterozygotes in the
kindred. The subject's lipoprotein values included a total cholesterol of
30 mg/dl, triglycerides < 4 mg/dl, VLDL cholesterol of 2 mg/dl, LDL
cholesterol that was undetectable, and an HDL cholesterol of 30
mg/dl. The LDL cholesterol values for her father, daughter, and two
sons were 37, 43, 22, and 12 mg/dl, respectively. On the basis of these
results, patient 2 was diagnosed as having homozygous HBL. Informed
consent was obtained for all studies performed with these patients.

Plasma apoB level. Fresh whole blood samples were collected in
0.1% EDTA from both patients with homozygous HBL. Plasma was
separated via centrifugation and apoB was analyzed by an ELISA
assay. ApoB was undetectable (< 0.05 mg/dl) in both patients. Normal
values for apoB in our laboratory are 89±19 mg/dl (8).

RNApreparation. Liver tissue was obtained from HBLpatients via
percutaneous needle biopsy and from normal patients at the time of
organ donation. Tissue was stored at -70°C until used. RNAwas
isolated utilizing the guanidine thiocyanate procedure as reported pre-
viously (7, 9).

DNApreparation. Leukocyte DNAwas isolated from whole blood
of normal and HBL subjects as previously described (10).

cDNAprobes. Double-stranded cDNAprobes were prepared from
apoB-100 cDNA clones. Nine clones were derived from ones pre-
viously described by our laboratory (11). Additionally a tenth
apoB-100 clone, 959 bp in length, was kindly supplied by A. A. Protter
(California Biotechnology Corp., Mountain View, CA) (12). A human
serum albumin cDNAclone isolated from a cDNAlibrary (13) and an
850-bp MSPI restriction digest of an apoA-I cDNA clone (14) were
also used as positive controls for the evaluation of apoB-100 mRNA.
Probes were nick translated with [a32P]dCTP to a specific activity of
-1 X 108 dpm/,g.
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Northern and slot blot hybridization analyses of RNA. Gels for
Northern blot analysis were prepared with 1%agarose in the presence
of 6% formaldehyde, electrophoresed at 25 V for 16 h, and transferred
to nitrocellulose filters (Schleicher and Schuell, Inc., Keene, NH) as
described previously (15). Each sample analysis used 10 ,g of total
mRNA. Gels were stained with ethidium bromide to confirm that
equivalent quantities of RNAwere loaded in each lane.

For slot blot analysis, serial dilutions of total RNA(7.5, 5.0, 2.5,
and 1.0 Mg) were loaded in triplicate onto a nylon filter (Nytran;
Scheilcher and Schuller, Inc.) using a slot blot apparatus (Bethesda
Research Laboratories, Gaithersburg, MD). Filters were baked for 2 h
at 80°C and then prehybridized in 5X standard saline citrate (SSC) ( 1X
SSC = 150 mMNaCl, 15 mMNa citrate, pH 7.0), 5X Denhardt's
solution (0.1% ficoll, 0.1% polyvinylpyrrolidone, 0.1% BSA), 0.1%
SDS, 10 mMTris-HCl (pH 7.4), 50% formamide, and 100 ,g/ml
sonicated herring sperm DNAfor 4-16 h at 42°C. Hybridization was
performed for 48 h at 42°C in the same solution as noted above for
prehybridization except that the herring sperm DNAwas replaced by a
nick translated cDNA probe at 1-2 X 10' dpm/filter. Posthybridiza-
tion washes were carried out twice, briefly, with 2x SSC at room
temperature followed by incubation at 65°C for 30 min each in 2X
SSC/0. 1%SDS, followed by I X SSC/0. 1% SDS. Filters were autoradi-
graphed and scanned using a laser densitomer (Ultrascan XL; LKB
Instruments, Bromma, Sweden). The absorbancy values were normal-
ized with the normal RNAbeing assigned a value of 1. For reuse, filters
were stripped of radiolabeled probe by incubation in 0.1 X SSC/0. 1%
SDSat 90°C for 1 h.

Southern blot analysis. Leukocyte DNA(10 Ag) was cleaved with
restriction endonucleases (3 U/,ug) at 37°C for 4-6 h in reaction buffers
provided by the suppliers (Bethesda Research Laboratories,
Boehringer Mannheim Biochemicals, Indianapolis, IN, and NewEn-
gland Biolabs, Beverly, MA). Fragments were separated in 0.7% agar-
ose gels electrophoresed at 25 V for 16 h. After electrophoresis the gels
were incubated in 0.2 N HCI for 10 min, followed by 30 min each in
0.5 NNaOH/0.6 MNaCl and 1.5 MNaCl/0.5 MTris-HCl (pH 7.4) at
room temperature. DNAwas transferred to a nylon support (Zetabind;
AMF/CUNO, Meriden, CT) (16). Baking, prehybridization, hybrid-
ization, and stripping were all performed as outlined above for RNA
analysis.

Immunocytochemistry. Frozen sections (10 Mim thick) were pre-
pared from liver biopsies of normal and HBLindividuals, embedded in
OCTcompound, air dried, and stored at -80°C until use. Specimens
were rehydrated in Tris-buffered saline (TBS), pH 7.4, for 30 min.
Slides were pretreated with 10% egg albumin (to block nonspecific
antibody binding), rinsed three times in TBS, and incubated overnight
at 4°C with the primary antibody. This included either a mixture of
mouse monoclonal human anti-apoB antibodies (ABB 1, ABB2,
ABB3, ABB5 [1:1:1:1]; Canadian Bioclinical, Ltd., Scarborough, On-
tario, Canada) used at 1:1,000 dilution, an irrelevant monoclonal an-
tibody derived from a neuroblastoma (HSAN 1.2, a gift of C. Patrick
Reynolds, Naval Medical Research Institute, Bethesda, MD), or non-
immune mouse ascites fluid (Collaborative Research, Inc., Warrens-
burg, PA). All primary incubations were performed at protein concen-
trations comparable with the ABBmixture. After the primary incuba-
tion, unbound antibody was removed with TBS/1% albumin (three
rinses) and the sections reincubated with a sheep anti-mouse second
antibody. Bound second antibody was detected utilizing an alkaline
phophastase-mouse anti-alkaline phosphatase antibody bridge tech-
nique (17) (Dako, Santa Barbara, CA). Endogenous alkaline phospha-
tase activity was inhibited by addition of I mMlevamisole to the
enzyme substrate solution.

Statistics. All statistical methods were carried out using standard
techniques (18).

Results
The unrelated patients evaluated in this report satisfied the
diagnostic criteria for familial homozygous HBL. Both pre-
sented with symptoms secondary to fat malabsorption and/or

associated fat soluble vitamin deficiency. Pigmentary changes
consistent with retinitis pigmentosa and neurologic abnormal-
ities were noted in both probands. Reduced plasma cholesterol
and triglyceride levels, virtual absence of chylomicrons,
VLDL, IDL, and LDL, as well as undetectable plasma apoB
(< 0.05 mg/dl), were consistent with homozygous HBL, while
half normal levels of LDL in the obligate heterozygotes con-
firmed the diagnosis.

Southern blot analysis comparing the apoB gene from the
two homozygous HBL patients and two normal individuals
was performed using 10 cDNAprobes spanning the full 43-kb
apoB gene (19). The DNAwas cleaved with restriction en-
zymes including Bgl II, Eco RI, Hind III, and Pvu II, and the
location of the individual restriction sites are illustrated in Fig.
1. All restriction endonuclease fragment sizes were indistin-
guishable between control and homozygous HBL patients.
Representative Southern blots are illustrated in Fig. 2, A and
B. Comparison of these restriction fragments with a previously
published restriction map of the apoB-100 gene (19) revealed
several additional cleavage sites. These include a Hind III site
within the 3' portion of exon 26 as well as Pvu II sites within
exons 10 and 20, and introns 4, 16, and 18.

Northern blot analysis of total liver RNA revealed
apoB-100 mRNAin HBL subjects to be of normal size, but
greatly reduced in quantity when compared with RNAfrom
normal patients (Fig. 3 A). Ethidium bromide staining of the
gel confirmed that equivalent amounts of nucleic acid had
been loaded in all sample lanes (data not shown). Stripping
and rehybridization of the blot illustrated in Fig. 3 A, with
nick translated apoA-I and HSA cDNA probes followed by
autoradiography, revealed that nearly equal levels of both of
these mRNAswere present in hepatocytes from both HBLand
normal subjects (Fig. 3, B and C). This confirmed that the
decreased mRNAin the homozygous HBL patients was spe-
cific for apoB mRNA. To quantitate the decrease in apoB
mRNAin HBL individuals, quantitative slot blot hybridiza-
tion was performed with total liver RNA. Triplicate samples of
four different quantities of RNAwere analyzed for each sub-
ject. Filters were hybridized with two separate apoB cDNA
probes (B 14-16 and B291) located in the 5' and 3' regions of the
apoB gene, respectively. Similar results were obtained with
both probes. As is illustrated in Fig. 4, hepatic apoB mRNA
from HBL subjects was reduced to 8-14% of the mRNA
present in control subjects. The levels of HSA and apoA-I
mRNAswere similar in both normal and HBL subjects, con-
firming the results obtained with Northern blot analysis.

Immunohistochemistry was performed using a pool of four
monoclonal antibodies to apoB, two specific for the NH2-ter-
minal end of the molecule, and two for the COOH-terminal
end. Hepatic tissue from both patients with homozygous HBL
as well as normal controls were studied. Normal liver, when
incubated with either the nonimmune (data not shown) or
irrelevant monoclonal antibody (Fig. 5 A), showed no reaction
products. Blue-stained hepatocyte nuclei are visible and the
cytoplasm is unstained. Occasional clusters of artifactually
precipitated reaction product unassociated with any cellular
elements were observed. When the apoB specific monoclonal
antibody mixture was used as the primary antibody on normal
liver, significant cytoplasmic staining of hepatocytes was noted
(Fig. 5 B). In addition, particularly dense reaction products
were identified along hepatic sinusoids, indicative of the nor-
mally high concentration of apoB found in plasma.
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Figure 1. The gene mapping strategy used in the evaluation of the
apoB gene in the HBL subjects. The upper lines in each row
( - ) represent the lengths of the genomic DNAcontaining the
exons coding for each of the cDNAprobes utilized. The middle line
(r e1n ) represents the apoB gene with the exons and introns being

indicated by the solid and cross-hatched regions, respectively. Both
the probes and the exons are numbered sequentially from the 5' to 3'
end. The last four lines of each row represent the restriction frag-
ments generated by the indicated restriction endonucleases.
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Figure 2. Representative Southern blots of leukocyte DNAfrom nor-
mal subjects (N) and homozygous HBL subjects (H). A and B con-
tain Hind III and Eco RI restriction fragments, respectively. Clone
B 14-16 was used as the probe in both panels (see Fig. 1 for the loca-
tion of the probe).
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bridized with apoB cDNAprobes B14-16, a HSAcDNAprobe (13),
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Figure 4. Quantitation of total hepatic apoB mRNAfrom three nor-
mal controls (N), compared with two homozygous HBL patients (H),
by slot blot analysis. All values were normalized to the mean of the
control values being equated to one. Error bars note standard devia-
tion of the respective mean.

Liver specimens from HBL patients contained diffuse cy-
toplasmic staining of apoB protein; however, the intensity of
the reaction was markedly decreased in comparison to normal
hepatocytes, with patient 1 having slightly more staining than
patient 2 (Fig. 5, Cand D, respectively). The magnitude of this
reduction in immunoreactive apoB was qualitatively similar to
the decrease in mRNAquantitated by slot blot analysis. Note-
worthy is the absence of intense sinusoidal staining in both
HBL patients, which is consistent with the undetectable levels
of apoB in plasma.

Discussion

Wehave analyzed apoB DNA, RNA, and protein from pa-
tients with familial homozygous HBL. Southern blot analysis
reveals a normal gene without major insertions or deletions;
however, small insertions, deletions, or rearrangements may
go undetected with this method. Northern and slot blot analy-
ses established that the mRNAwas of normal size, however
greatly reduced in quantity. ApoB was detected intracellularly
by immunohistochemistry, but at a reduced concentration. No
apoB was detectable in the plasma with a very sensitive ELISA
assay.

There are multiple possible molecular defects that could
lead to a normal size mRNApresent in greatly reduced
amounts, as is present in homozygous HBL (20). First, there
could be defects in the regulatory elements of the apoB gene
resulting in a decreased transcriptional rate (21-23), or defects
in the transcribed product that would result in inefficient
splicing, nuclear processing, and transport to the cytoplasm
(24, 25). Second, there could be a mutation in the transcribed
product with the formation of an unstable mRNA. This may
be caused by subtle defects in the 3' AU rich region (26), the
polyadenylation site of the mRNA(27), or by an abnormality
in the translated portion of the apoB mRNAresulting in both
an abnormal translated product and an unstable mRNA(28).

Clinically, familial homozygous HBL is distinct from ho-

mozygous ABL. The clinical manifestations of HBL patients
are significantly milder than those of ABL patients and occur
later in life. Symptoms in both groups of patients result from
fat and fat soluble vitamin malabsorption. The pathophysio-
logical basis for the presentation of symptoms in ABL patients
at a younger age than HBL patients, is as yet unknown.

Biochemically, homozygous ABL and homozygous HBL
result in the virtual absence of apoB in plasma. They are indis-
tinguishable in the homozygous form by plasma apoB evalua-
tion, and can only be clinically differentiated through plasma
analysis of obligate heterozygotes. ABL heterozygotes have
normal levels of apoB and apoB-containing lipoproteins, while
HBL heterozygotes have half-normal plasma levels. ABL and
HBL are therefore transmitted as autosomal recessive and au-
tosomal co-dominant diseases, respectively.

Four general classes of molecular defects affecting apoB
production could result in the characteristic biochemical ab-
sence of plasma B apolipoproteins. These include four classes
of defects: (i) total absence of the apoB gene; (ii) transcrip-
tional abnormalities of the apoB gene; (iii) translational ab-
normalities of the apoB mRNA;and (iv) secretory abnormali-
ties caused by abberrant posttranslational processing of apoB
or defects intrinsic to the apoB secretory pathway itself.

The results obtained in patients with homozygous HBLare
quite distinct from those we have previously reported in ABL
( 19). Both groups of patients have virtually no detectable apoB
in plasma. However, analysis by immunohistochemistry tech-
niques revealed a normal to increased amount of hepatic apoB
protein in ABL patients and a reduced quantity of apoB in
HBLhepatocytes when compared with controls. Hepatic apoB
mRNAwas significantly increased in ABL but was reduced to
8-14% of control values in the HBL subjects. DNAfrom both
HBL and ABL subjects contained no abnormality detectable
by Southern blot analysis. Wehave proposed that the molecu-
lar defect in ABL is secondary to defective cellular apoB secre-
tion, i.e., a class iv defect discussed above. This mutation could
be either in the apoB gene or some other product necessary for
apoB secretion.

Though HBL is likely to be a heterogenous disease at the
molecular level, our results in the homozygous HBL subjects
studied are most consistent with a translational (class iii) de-
fect, such as that leading to premature termination. This is
suggested by the discordant results of a reduced quantity of
mRNAand intracellular immunologically reactive apoB, in
comparison to complete absence of apoB from the plasma.
The abnormal protein produce could lead to translational
modulation of mRNAstability with decreased mRNAlevels
and secondarily decreased translational rates. The structurally
abnormal apoB would either not be secreted from the cell, or if
secreted, would be very rapidly degraded. This aberration
could result from either a point mutation or a very small in-
sertion, deletion, or rearrangement. Undoubtedly, patients
with class i and class ii molecular variants will be detected in
the future.

In conclusion, we have analyzed DNA, RNA, and protein
from patients with homozygous HBL. A molecular defect at
the translational level is consistent with our results and is dis-
tinct from the secretory defect found from evaluation of ho-
mozygous ABL. Additional studies will be necessary to further
clarify the DNAsequence abnormalities in HBL as well as
other syndromes where plasma apoB is decreased or absent.
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