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ABSTRACT Mammalian lipoproteins are synthesized in the liver and secreted into the blood plasma where they
are targeted to specific tissues. Through specific cell surface receptors, hepatic lipoproteins are taken up and
their lipid contents are then used for anabolic and energy requirements. Because of the well-established role that
plasma lipoproteins play as risk factors for the development of cardiovascular disease, a great amount of attention
has been directed toward understanding their metabolism and biosynthesis. The major focus of this report is to
review the evolution of gene products that are essential in regulating, synthesizing, assembling and secreting the
lipid and protein components of lipoproteins. Using the primordial vitellogenin lipoprotein system as the paradigm,
| show how metabolic signals derived from the sterol biosynthetic pathway provide a coordinate regulation of
genes necessary to assemble and secrete mammalian apolipoprotein B—containing lipoproteins. In lower species,
estrogen induces the expression of genes required for both vitellogenin synthesis and its tissue targeting (the
vitellogenin receptor). This coordinate induction provides lipid to the ovaries for egg development. In mammals,
a sterol-derived metabolic signal regulates the expression of genes required for lipoprotein synthesis and for the
LDL receptor. This signal is not sex linked, providing an adaptive advantage to changes in nutritional status. J.

Nutr. 127: 7955-800S, 1997.

KEY WORDS: ¢ apolipoprotein B e lipoproteins e oxysterols e cholesterol-7«-hydroxylase

The ability of multicellular organisms to transport fat, in the
form of lipoprotein particles, through the circulatory system is
one of the most primordial functions. Although there are sev-
eral distinct lipoprotein transport systems that vary with the
phylogeny of the organism, they all use similar mechanisms for
assembly, secretion and tissue targeting. The major emphasis of
this report is to review the advances made in our knowledge
concerning the development of regulatory processes involved
in the assembly of apolipoprotein (apo)’ B-containing lipopro-
teins by the liver of mammals.

The functional basis for why lipoprotein transport systems
initially evolved provides insights into the complexity of how
this pathway works and is controlled. Simply put, lipoproteins
provide a means through which energy in the form of water-
insoluble fat can be distributed from its site of synthesis and
absorption to specific tissues and cells. The bioavailability of
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energy stored as fat (~37 k]/g) is significantly greater than
that which can be stored as carbohydrate glycogen (~17 kJ/
g). The evolutionary advancement of storing energy in the
form of fat has provided organisms with a tremendous advan-
tage in adapting to environmental and developmental changes.
For example, hibernation is successful only if the organism has
had the ability to build up large stores of fat (triglycerides)
during periods when food supplies are plentiful. Migrating birds
and insects rely mainly on the lipoprotein transport of fat from
stores to muscles, abrogating the need to stop for nourishment.
When laying eggs, insects, fish, amphibians, reptiles and birds
display over three orders of magnitude increases in the trans-
port of fat, from the liver to oocytes, in order to facilitate egg
development. Increases in fat transport, whether it involves
lipophorin, vitellogenin or apo B-containing lipoproteins,
show a common induction of the expression of genes necessary
for their individual biosynthetic, assembly and secretion steps.
Moreover, when physiologic requirements dictate the need
for increased lipoprotein synthesis, metabolic signals activate
these coordinate processes via increased transcription of spe-
cific genes. This concept has long been appreciated by those
interested in dissecting the molecular events necessary for tran-
scriptional regulation of gene expression. Hormonal induction
of vitellogenin synthesis in insects and birds was one of the
first model systems used to advance our knowledge of transcrip-
tional regulation (Dolphin et al. 1971).

LIPOPROTEIN STRUCTURE AND FUNCTION

Mammalian plasma lipoproteins are stable emulsions of lip-
ids and proteins that are arranged in spherical structures having
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densities less than that of water. The outside surface contains
a single layer of phospholipids (monolayer) that surrounds a
neutral lipid core consisting of reciprocally varying relative
amounts of triglycerides and cholesterol esters (Davis et al.
1982). Specific proteins are embedded into the surface mono-
layer. These proteins function to assemble the lipoprotein and/
or to direct metabolism and tissue targeting. In mammals there
are three major tissues responsible for lipoprotein synthesis:
liver, intestine and the yolk sac of the developing fetus. All
these tissues produce triglyceride-rich VLDL. Because genetic
alterations in the apo B gene, but not other apolipoprotein
genes, impair the assembly of VLDL, apo B, but not other
apolipoproteins, is required for VLDL assembly and secretion
(Young 1990). The recent discovery that ablation of the apo
B gene in mice blocks fetal development emphasizes the point
that lipoproteins are essential for egg and/or fetal nutrition

(Farese et al. 1995).

VLDL ASSEMBLY REQUIRES APOLIPOPROTEIN B

Apolipoprotein B is one of the largest single-chain proteins
known. It has structural motifs that afford unique amphipathic
properties. Unlike other mammalian apolipoproteins, apo B
does not exchange between lipoprotein particles; thus it be-
haves as an integral membrane protein. The structural motifs
responsible for the association of apo B with lipids are complex
and are likely to involve several domains having different
secondary structures. Within the 4536 amino acids of mature
apo B-100 are f-sheets having hydrophobic and hydrophilic
surfaces, short stretches of amphipathic a-helices (thought to
be too short to act as typical membrane-spanning domains)
and [-strands that have the potential to form amphipathic
domains (Segrest et al. 1994).

The functional basis for apo B’s large size has recently been
uncovered in elegant experiments examining the genetic basis
for hypobetalipoproteinemia in humans and developing in
vitro models that faithfully express the hypobetalipoprotein-
emic phenotype in cultured cells (reviewed in Young 1990).
This disorder is characterized by a genetic alteration of the
apo B gene, resulting in either the synthesis of truncated forms
of apo B that are too short to assemble lipoproteins or inactiva-
tion of the gene. Mutant apo B forms having a size smaller
than 31% of the N-terminus of the maximal coding region
transcribed by the apo B gene show an inability to assemble
lipoproteins containing a neutral lipid core. Further analysis
showed that the size of apo B and the density of the lipoprotein
varied inversely (Spring et al. 1992, Yao et al. 1991).

STRUCTURAL MOTIFS IN APOLIPOPROTEIN B
RESEMBLE SOME OF THOSE FOUND
IN VITELLOGENIN

The unique amphipathic character of apo B has been pro-
posed as the essential feature that allows it to assemble VLDL
(Davis 1991). Amphipathic -strands present in proline-rich
repeats of human apo B are similar to those that bind lipid in
vitellogenin (Raag et al. 1988). These structural motifs in
vitellogenin have been proposed to play a role in the assembly
of the lipovitellogenin complex. It is interesting that the vitel-
logenin receptor of the chicken oocyte recognizes mammalian
apoproteins B and E, suggesting that the lipoprotein receptor
system of mammalian tissues may have evolved or co-evolved
from or with the vitellogenin/oocyte system (Nimpf et al.
1994). Several structural analogies exist between apo B and
vitellogenin. Intact vitellogenin, like apo B48, has a Mr of
approximately 200 kDa. In the lipoprotein complex lipovitel-

logenin, vitellogenin exists as a dimer (Mr 500 kDa) similar
in size to apo B100. Regions of the amino termini of vitello-
genin and apo B are homologous (Baker 1988). The central
region of vitellogenin has a long stretch of phosphorylated Ser
residues; apo B is similarly phosphorylated on serine residues.

High resolution X-ray crystallographic analysis and *'P-nu-
clear magnetic resonance studies of the lipovitellogenin com-
plex show that -sheets of vitellogenin surround a cavity be-
lieved to be filled with lipid (Raag et al. 1988). It has been
proposed that as more lipid is added, the cavity expands by
movement of the 8-sheets. Apolipoprotein B might associate
with lipids in a similar manner, because VLDL also consists
of a cavity filled with lipid and surrounded by apo B. Further-
more, the B-sheet structures of apo B are thought to contribute
to its association with lipid. If, like vitellogenin, apo B serves
as the scaffolding for the lipid core, VLDL assembly might
involve a process by which, as lipid is added, the surrounding
apo B folds to accommodate a growing lipid core.

VLDL IS ASSEMBLED IN THE
ENDOPLASMIC RETICULUM

Immuno-electron microscopic analysis of intracellular apo
B show it is present at the earliest site of the secretory pathway
in the rough endoplasmic reticulum unassociated with discern-
ible VLDL particles (Alexander et al. 1976). Particles resem-
bling VLDL containing apo B were observed in the lumen of
the terminal junctions between the rough and smooth endo-
plasmic reticulum. These data indicate that ) VLDL is assem-
bled in the endoplasmic reticulum and 2) because the VLDL
particles in the lumen of the endoplasmic reticulum have a
uniform size similar to that observed in plasma, the assembly
does not involve a gradual build-up of lipid core.

MOVEMENT OF APOLIPOPROTEIN B OUT OF
THE ENDOPLASMIC RETICULUM IS
RATE LIMITING

In steady-state labeled rat hepatocytes, the majority of both
apo B100 and apo B48 was confined to the endoplasmic reticu-
lum, suggesting that the rate-limiting step was movement out
of this organelle, the site of VLDL assembly (Borchardt and
Davis 1987). Pulse-chase studies show that the first-order rate
constant describing the movement of both apo B48 and apo
B100 out of the rough endoplasmic reticulum determined the
rate constant for the movement out of the hepatocyte (Bor-
chardt and Davis 1987). There are two processes necessary for
VLDL assembly that are localized to endoplasmic reticulum:
1) translocation of apo B from the cytoplasmic surface into
the lumen and 2) the addition of lipid to the apo B nascent
chain during its movement into the lumen.

APOLIPOPROTEIN B IS DEGRADED
INTRACELLULARLY BY A PROCESS THAT CAN
ACCOUNT FOR POST-TRANSCRIPTIONAL
REGULATION OF SECRETION

Quantification of the portion of de novo synthesized apo B
that was lost from the cellular pool of pulse-labeled rat hepato-
cytes (Borchardt and Davis 1987) showed that only a fraction
was recovered in the culture medium. These observations were
interpreted as indicating that a significant portion of apo B is
degraded intracellularly, and this may be an important process
regulating VLDL assembly and secretion. Intracellular degrada-
tion can explain why the secretion of VLDL apo B is varied,
whereas the relative abundance of apo B mRNA remains
nearly constant (reviewed in Davis 1991, Dixon and Ginsberg
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1993, Vance and Vance 1990). There are several situations
both in vivo and in vitro supporting this proposal. The amount
of apo B48 that is secreted by hepatocytes isolated from the
liver of unfed rats is decreased, whereas the relative abundance
of apo B mRNA is unchanged (Leighton et al. 1990). These
findings suggest that a post-transcriptional process is responsi-
ble for the decreased secretion of apo B by the liver of unfed
rats (Leighton et al. 1990). In HepG2 cells, thyroid hormone
and oleic acid increase the secretion of apo B100, whereas
the relative abundance of apo B mRNA remains unchanged
(Pullinger et al. 1989). The mechanism accounting for the
post-transcriptional increase in apo B100 secretion by oleic
acid—stimulated HepG2 cells has been found to be due to
decreased intracellular degradation (Dixon et al. 1991). Al-
though these cited studies suggest that degradation of apo B
may be linked to the process controlling secretion, they do not
necessarily indicate that degradation per se is the regulatory
process. It may be a consequence of a blocked step in the
secretion pathway (summarized below).

TRANSLOCATION OF APOLIPOPROTEIN B
REQUIRES A UNIQUE PROCESS THAT MAY
GOVERN ITS METABOLIC FATE: VLDL
ASSEMBLY OR DEGRADATION

The translocation of apo B across the endoplasmic reticu-
lum is inefficient, causing apo B to accumulate in two function-
ally distinct pools: one (incompletely translocated) is de-
graded, whereas the other (fully translocated into the lumen)
is responsible for VLDL assembly and secretion (Davis et al.
1990). Thus, the translocation step is one of the major sites
that determines the fate of de novo synthesized apo B: degrada-
tion or secretion as a VLDL particle. Inefficient translocation
of apo B may be due to the presence of multiple “lipid-binding”
domains, required for VLDL assembly. By virtue of their am-
phipathic structure, these domains may arrest translocation by
facilitating integration into the endoplasmic reticulum mem-
brane. This proposal may account for inefficient translocation
of apo B across the endoplasmic reticulum of liver cells as
demonstrated by exposure on the cytoplasmic surface (Davis
et al. 1990). In vitro translation/translocation assays show that
phospholipid precursor monomethylethanolamine blocks apo
B15 translocation (Rusinol and Vance 1995). In HepG2 cells,
translocation of de novo-synthesized apo B determines how
much is degraded or secreted as a lipoprotein (Bonnardel and
Davis 1995). It remains to be determined whether transloca-
tion regulates apo B secretion in mammalian livers in vivo.

To overcome the obstacles inherent in the translocation of
apo B, gene products that are probably not required by other
proteins are essential for translocating and secreting apo B (Du
et al. 1994). Perhaps the most compelling data showing that
apo B requires a unique process for translocation is the finding
that CHO cells exhibit a complete inability to translocate apo
B forms large enough to assemble VLDL (apo B53), but not
truncated apo B15 (Thrift et al. 1992). Translocation-arrested
apo B53 is by a process inhibitable by the cysteine active site
protease inhibitor acetyl-leucine, leucine, nor-leucal (ALLN)
(Thrift et al. 1992). Although apo B lacks any amphipathic
a-helices that are sufficiently long to be predicted to span a
membrane bilayer, in CHO cells treated with ALLN, apo B
assumes a stable trans-membrane orientation in the endoplas-
mic reticulum (Du et al. 1994). The segments responsible
for translocation arrest were found to reside outside of the
membrane-spanning domain (i.e., on resides lying on the cyto-
plasmic side of the endoplasmic reticulum) (Du et al. 1994).
The inability of CHO cells to translocate apo B across the

endoplasmic reticulum is likely to be the lack of expression in
these cells of a gene product that is present in liver and intes-
tine. Several lines of evidence indicate that this gene product
is microsomal triglyceride transfer protein (MTP).

MICROSOMAL TRIGLYCERIDE TRANSFER
PROTEIN TRANSFERS LIPID TO THE NASCENT
LIPOPROTEIN PARTICLE AND IS REQUIRED
FOR APOLIPOPROTEIN B TRANSLOCATION:
ANALOGIES TO VITELLOGENIN AND
INSECT LIPOPHORIN

Microsomal triglyceride transfer protein exists as a 97-kDa
protein in the lumen of the endoplasmic reticulum as a hetero-
dimer associated with protein disulfide isomerase (55 kDa)
(Wetterau and Zilversmit 1985). Microsomal triglyceride
transfer protein is not highly homologous to most known lipid
transfer proteins, except that it does have limited regions of
similarity to vitellogenin and cholesterol ester transfer protein
(Gordon et al. 1995, Shoulders et al. 1993).

Several lines of evidence indicate that MTP is essential for
apo B translocation. First, in cells not expressing MTP, the
translocation of apo B constructs having a size sufficient to
assemble lipoproteins is completely blocked (Du et al. 1994).
However, co-expression of MTP in COS and HeLa cells allows
apo B to be translocated and secreted as a lipoprotein particle
(Gordon et al. 1994, Leiper et al. 1994). Secondly, in the
human recessive disorder abetalipoproteinemia, functional loss
of MTP blocks the secretion of apo B by both the liver and
intestine, the major tissue sites of MTP (Sharp et al. 1993,
Shoulders et al. 1993, Wetterau et al. 1992). Recent studies
suggest that the inability of the livers and intestines of abetali-
poproteinemic patients to secrete apo B is due to a block in
its translocation across the endoplasmic reticulum (Du et al.
1996). Variable expression of MTP and/or availability of lipid
may account for the variable translocation of apo B and secre-
tion as VLDL.

COORDINATED REGULATION OF VLDL
ASSEMBLY AND SECRETION: ANALOGIES TO
LIPOPHORIN AND VITELLOGENIN PATHWAYS

In lower phylogenetic species, the most fundamental role
of lipoprotein assembly and transport is to provide anabolic
lipid for egg development. The cascade involves three coordi-
nated steps: 1) hormonal activation of the fat body (insects)
or liver (fish, reptiles, amphibians and birds), 2) rapid biosyn-
thetic induction of the gene products responsible for apolipo-
protein synthesis (lipophorin and vitellogenin) and lipogenic
enzymes and 3) assembly and secretion of lipoprotein com-
plexes. Within this perhaps oversimplified framework, a similar
coordinated cascade occurs for mammalian VLDL assembly
and secretion. Our current working hypothesis is that the gene
products required for mammalian VLDL assembly and secre-
tion and its regulatory signals were derived from the vitello-
genin lipoprotein system. The major evolutionary advantage
of the mammalian VLDL secretion pathway is that it can
respond to nutritional needs, independent of reproduction pro-
cesses.

Birds produce both vitellogenin and hepatic VLDL. Both
lipoprotein transport systems show rapid induction by estrogen
(Dolphin et al. 1971). Similar to its induction of vitellogenin
synthesis, estrogen also increases the hepatic production of
VLDL in birds. Recent studies in our laboratory suggest that
a similar coordinated cascade of induction of the genes re-
quired for mammalian VLDL assembly and secretion occurs.
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TABLE 1

Effect of cholestyramine and cholesterol-7a-hydroxylase on
the expression of hepatic genes and lipogenic processes?

Cholesterol-7a-

Gene Cholestyramine2 hydroxylase3
Cholesterol-7a-hydroxylase + ND
HMG-CoA reductase + +
HMG-CoA synthase + +
Squalene synthase + +
Farnesyldiphosphate synthase + +
Cholesterol synthesis + +
Triglyceride synthesis + +
Phospholipid synthesis + +
Apolipoprotein B synthesis 0 0
VLDL apo B secretion + +

1 Each designation indicates a statistically significant change at P
< 0.01: + is increased; — is decreased; 0 is no change; ND is not
determined.

2 Values represent either a change in enzyme activity, synthesis or
secretion from rats treated with cholestyramine for 2 wk.

3 Cholesterol-7a-hydroxylase was stably expressed in cultured hep-
atoma cells. Values represent either a change in enzyme activity, syn-
thesis or secretion.

We propose that nutritional and metabolic needs for hepatic
VLDL secretion are signaled by a steroid that is not involved
in the signaling required for reproduction. As a result, the
mammalian VLDL secretory pathway can respond in a more
versatile manner, independent of sex-linked processes. Al-
though the identity of this signal remains to be elucidated,
it—like estrogen—seems to be derived from the isoprenoid/
steroid biosynthetic pathway. It is possible that this steroid
signal has evolved from the estrogen signal.

CHOLESTYRAMINE INDUCES HEPATIC
LIPOGENESIS AND VLDL ASSEMBLY
AND SECRETION

Cholestyramine is a synthetic anionic resin that binds bile
acids in the intestinal lumen and prevents their reabsorption.
It was developed as a therapeutic agent for the treatment of
hypercholesterolemia (high plasma concentration of LDL, a
major risk factor in cardiovascular disease). By preventing the
reabsorption of bile acids, cholestyramine increases the activity
of cholesterol-7a-hydroxylase, the liver-specific enzyme re-
sponsible for bile acid synthesis (reviewed in Myant and Mitro-
poulos 1977). The bile acid synthetic pathway is the major
pathway through which cholesterol is degraded and removed
from the body. Thus, plasma LDL concentrations are modestly
reduced in some animals and subjects treated with cholestyra-
mine. The reduction in plasma LDL concentrations is the
result of increased levels of expression of the LDL receptor in
liver (Angelin et al. 1983). However, cholestyramine treat-
ment also induces the expression of cholesterol biosynthetic
enzymes, causing more cholesterol to be synthesized and lim-
iting the hypocholesterolemic efficacy of this drug.

Another unexpected feature of cholestyramine treatment
is that it increases hepatic VLDL production (Einarsson et
al. 1991). In some hyperlipidemic patients, there is a direct
relationship between hepatic bile acid synthesis and VLDL
triglyceride secretion (Angelin et al. 1978). Clearly, cholestyr-
amine causes multiple changes in hepatic lipid and lipoprotein
metabolism (summarized in Table 1): 1) induction of choles-
terol-7a-hydroxylase, 2) increased expression of the LDL re-

ceptor, 3) induction of cholesterol biosynthesis by increasing
the transcription of the some of the genes regulating the iso-
prenoid/sterol biosynthetic pathway, 4) increased synthesis of
all VLDL lipids (i.e., cholesterol, cholesterol esters, triglycer-
ides and phospholipids; R. A. Davis, unpublished observation)
and 5) increased secretion of VLDL. All of these events can
be ascribed to the activation of a single transcription factor
that has the ability to coordinately induce the genes responsi-
ble for hepatic VLDL assembly: sterol regulatory binding pro-
tein (SREBP). To explain how this might occur, I will review
how cholesterol metabolism, lipogenesis, and VLDL assembly
and secretion are linked together.

The amount of cholesterol in a cell is precisely regulated
(reviewed in (Brown and Goldstein 1986). When cellular cho-
lesterol levels are sufficient to meet the anabolic and catabolic
requirements, there is a coordinate repression of the transcrip-
tion of most, if not all, gene products involved in the choles-
terol biosynthetic pathway: HMG-CoA synthase (Gil et al.
1986), HMG-CoA reductase (Gil et al. 1986), farnesyldiphos-
phate synthase (Ashby and Edwards 1989) and squalene syn-
thase (Jiang et al. 1993). There are additional post-transcrip-
tional mechanisms regulating the activity of many of these
enzymes, including phosphorylation, protein degradation and
rate of mRNA translation. In mammals, the major pathway
for cholesterol uptake is via the LDL receptor (Brown and
Goldstein 1986). Like the cholesterol biosynthetic enzymes,
expression of the LDL receptor is regulated transcriptionally
by negative feedback signaled by cellular cholesterol levels.
Recent findings suggest that distinct transcription factors,
whose activity is sensitive to the “regulatory” pool of choles-
terol, control the transcription of genes that produce enzymes
required for sterol biosynthesis and the LDL receptor (Briggs
et al. 1993, Wang et al. 1994). Initiation of de-repression of
conditionally positive sterol regulatory element (SRE) con-
taining promoters begins with the proteolytic cleavage of the
cytosolic domain of SREBP, a unique class of transcription
factors whose initial translation produces an integral mem-
brane protein of the endoplasmic reticulum. Once cleaved into
its mature form, the N-terminal domain of SREBP, in concert
with other transcription factors, activates gene transcription.

Sterol regulatory binding protein also regulates the tran-
scription of genes controlling fatty acid synthesis (Kim et al.
1995). Because the availability of all of the lipid components
required for VLDL consists of either sterols or fatty acid esters
(triglycerides and phospholipids), the cellular level of mature
SREBP will coordinately regulate the availability of the indi-
vidual lipids required for its assembly. Previous studies showed
that adding oleic acid to the medium of cultured rat hepato-
cytes increases both triglyceride and phospholipid synthesis
and secretion (Davis and Boogaerts 1982). The combined data
suggest that the availability of fatty acids, produced in response
to SREBP induction of acetyl-CoA carboxylase and fatty acid
synthase may be all that is needed to increase VLDL glyceroli-
pid synthesis.

THE SIGNAL MEDIATING SREBP PROCESSING

Although it is clear that, in nonhepatic cells, cellular cho-
lesterol initiates transcriptional repression of SRE-governed
genes, it may not be the direct effector of SREBP processing.
Characterization of the ability of different sterols to alter
SREBP processing showed that synthetic oxysterols decrease
this site-specific regulatory cleavage, whereas cholesterol itself
has little, if any, effect (Wang et al. 1994). An attractive, but
as yet unproved, hypothesis that may explain these results is
that a hydroxylated metabolite of cholesterol, or a sterol pre-
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cursor of cholesterol, is the signal responsible for “cholesterol
feedback regulation” (Kandutsch et al. 1978). These hydroxyl-
ated sterols derivatives, commonly referred to as “oxysterols,”
may regulate SREBP processing in vivo in a manner similar
to that which occurs in cultured cells (described above).

CHOLESTEROL-7-a-HYDROXYLASE DECREASES

THE ABILITY OF CHOLESTEROL TO REPRESS

SRE-GOVERNED GENES AND INCREASES THE
SYNTHESIS OF ALL VLDL LIPIDS AND THE
SECRETION OF VLDL APOLIPOPROTEIN B

One unique characteristic of the liver is a resistance to
repression of SRE-governed gene expression by cholesterol
(Dueland et al. 1992). This resistance toward cholesterol re-
pression could be recapitulated by expressing cholesterol-7a-
hydroxylase in nonhepatic cells (Dueland et al. 1992). These
results are consistent with the proposal that metabolic signal
controlling SREBP processing may be metabolized by 7a-hy-
droxylase or its synthesis decreased by 7a-hydroxylase. We
have extended these studies to examine whether this metabolic
signal, decreased by 7a-hydroxylase, may also govern VLDL
assembly and secretion.

Ta-Hydroxylase was stably expressed in two different cul-
tured cell lines that do not normally express it: CHO cells
expressing apo B and McArdle rat hepatoma cells. The results
(Table 1) show that 7a-hydroxylase increased the cellular
abundance of mature SREBP, induced SRE-governed gene
transcription, increased the synthesis of all VLDL lipid compo-
nents and the secretion of apo B (data not shown). Further-
more, this increased expression of 7a-hydroxylase also de-
creased the intracellular degradation of apo B (data not
shown). These changes can be reversed by adding two “oxyste-
rols”: 7-oxo-cholesterol together with 25-hydroxycholesterol
(data not shown).

The combined data suggest that a common metabolic sig-
nal, whose activity is attenuated by 7a-hydroxylase, may con-
trol SREBP—governed gene transcription and VLDL assembly.
This signal, like estrogen in lower species, can induce all of
the processes required for lipoprotein secretion and tissue tar-
geting. The major difference is that this metabolic signal is
related to nutritional state and is not limited to reproduction,
as is estrogen. This versatile metabolic signaling provides mam-
mals a means to control lipid metabolism and transport (i.e.,
VLDL secretion) in a manner that is responsive to both nutri-
tional status and reproduction needs. Identification of the sig-
nal regulating SREBP-governed gene transcription and VLDL
secretion will provide important clues as to the evolutionary
divergence of the vitellogenin lipid transport system. More-
over, if this regulator is found to be derived from the same
sterol precursor as estrogen, this finding would provide new
insights into the co-evolution of ancestral metabolic regulators
and genes of a common primordial pathway.

ACKNOWLEDGMENTS

The author acknowledges the contributions of the following col-
laborators: Emma Z. Du, James Fleming, Lisa Olivier, Shui-Long
Wang, Julie Kurth Bonnardel, Patricia Humiston, Skaidrite Krisans
and John Trawick.

LITERATURE CITED

Alexander, C. A., Hamilton, R. L. & Havel, R. J. (1976) Subcellular localization
of B apoprotein of plasma lipoproteins in rat liver. J. Cell Biol. 69: 241-263.

Angelin, B., Einarsson, K., Hellstrom, K. & Leijd, B. (1978) Bile acid kinetics in
relation to endogenous triglyceride metabolism in various types of hyperlipo-
proteinemia. J. Lipid Res. 19: 1004-1010.

Angelin, B., Raviola, C. A., Innerarity, T. L. & Mahley, R. W. (1983) Regulation
of hepatic lipoprotein receptors in the dog. Rapid regulation of apolipoprotein
B, E receptors, but not of apolipoprotein E receptors, by intestinal lipoproteins
and bile acids. J. Clin. Invest. 71: 816-831.

Ashby, M. N. & Edwards, P. A. (1989) Identification and regulation of a rat liver
cDNA encoding farnesyl pyrophosphate synthetase. J. Biol. Chem. 264: 635-
640.

Baker, M. E. (1988) Is vitellogenin an ancester of apolipoprotein B-100 of hu-
man low-density lipoprotein and human lipoprotein lipase? Biochem. J. 255:
1057-1060.

Bonnardel, J. A. & Davis, R. A.  (1995) In HepG2 cells, translocation, not degra-
dation, determines the fate of de novo synthesized apolipoprotein B. J. Biol.
Chem. 270: 28892-28896.

Borchardt, R. A. & Davis, R. A.  (1987) Intrahepatic assembly of very low density
lipoproteins. Rate of transport out of the endoplasmic reticulum determines
rate of secretion. J. Biol. Chem. 262: 16394-16402.

Briggs, M. R., Yokoyama, C., Wang, X., Brown, M. S. & Goldstein, J. L. (1993)
Nuclear protein that binds sterol regulatory element of low density lipoprotein
receptor promoter. |. Identification of the protein and delineation of its target
nucleotide sequence. J. Biol. Chem. 268: 14490-14496.

Brown, M. S. & Goldstein, J. L. (1986) A receptor-mediated pathway for cho-
lesterol homeostasis. Science 232: 34-47.

Davis, R. A. (1991) Lipoprotein structure and secretion. In: Biochemistry of
Lipids and Membranes (Vance, D. & Vance, J., eds.), pp. 403-424. New
Comprehensive Biochemistry, vol. 20. Elsevier, New York, NY.

Davis, R. A. & Boogaerts, J. R.  (1982) Intrahepatic assembly of very low den-
sity lipoproteins. Effect of fatty acids on triacylglycerol and apolipoprotein
synthesis. J. Biol. Chem. 257: 10908-10913.

Davis, R. A., McNeal, M. M. & Moses, R.L. (1982) Intrahepatic assembly of
very low density lipoprotein. Competition by cholesterol esters for the hy-
drophobic core. J. Biol. Chem. 257: 2634-2640.

Davis, R. A., Thrift, R. N., Wu, C. C. & Howell, K. E. (1990) Apolipoprotein B
is both integrated into and translocated across the endoplasmic reticulum
membrane. Evidence for two functionally distinct pools. J. Biol. Chem. 265:
10005-10011.

Dixon, J. L., Furukawa, S. & Ginsberg, H. N.  (1991) Oleate stimulates secretion
of apolipoprotein B—containing lipoproteins from Hep G2 cells by inhibiting
early intracellular degradation of apolipoprotein B. J. Biol. Chem. 266: 5080—
5086.

Dixon, J. L. & Ginsberg, H. N.  (1993) Regulation of hepatic secretion of apoli-
poprotein B-containing lipoproteins: information obtained from cultured liver
cells. J. Lipid Res. 34: 167-179.

Dolphin, P. J., Ansari, A. Q., Lazier, C. B., Munday, K. A. & Akhtar, M. (1971)
Studies on the induction and biosynthesis of vitellogenin, an oestrogen-in-
duced glycolipophosphoprotein. Biochem. J. 124: 751-758.

Du, E., Kurth, J., Wang, S.-L., Humiston, P. & Davis, R. A. (1994) Proteolysis-
coupled secretion of the N-terminus of apolipoprotein B: characterization of
a transient, translocation arrested intermediate. J. Biol. Chem. 269: 24169—
24176.

Dueland, S., Trawick, J.D., Nenseter, M. S., MacPhee, A. A. & Davis, R. A.
(1992) Expression of 7-alpha-hydroxylase in non-hepatic cells results in liver
phenotypic resistance of the low density lipoprotein receptor to cholesterol
repression. J. Biol. Chem. 267: 22695-22698.

Einarsson, K., Ericsson, S., Ewerth, S., Reihner, E., Rudling, M., Stahlberg, D. &
Angelin, B. (1991) Bile acid sequestrants: mechanisms of action on bile
acid and cholesterol metabolism. Eur. J. Clin. Pharm. 40 (suppl. 1): S53-S58.

Farese, R. J., Ruland, S. L., Flynn, L. M., Stokowski, R. P. & Young, S. G. (1995)
Knockout of the mouse apolipoprotein B gene results in embryonic lethality
in homozygotes and protection against diet-induced hypercholesterolemia in
heterozygotes. Proc. Natl. Acad. Sci. U.S.A. 92: 1774-1778.

Gil, G., Goldstein, J. L., Slaughter, C. A. & Brown, M. S. (1986) Cytoplasmic
3-hydroxy-3-methylglutaryl coenzyme A synthase from the hamster. I. Isola-
tion and sequencing of a full-length cDNA. J. Biol. Chem. 261: 3710-3716.

Gordon, D. A., Jamil, H., Sharp, D., Mullaney, D., Yao, Z., Gregg, R. E. & Wetterau,
J. (1994) Secretion of apolipoprotein B—containing lipoproteins from HelLa
cells is dependent on expression of the microsomal triglyceride transfer pro-
tein and is regulated by lipid availability. Proc. Natl. Acad. Sci. U.S.A. 91:
7628-7632.

Gordon, D. A., Wetterau, J. R. & Gregg, R.E. (1995) Microsomal triglyceride
transfer protein: a protein required for the assembly of lipoprotein particles.
Trends Cell Biol. 5: 317-321.

Jiang, G., McKenzie, T. L., Conrad, D. G. & Shechter, I. (1993) Transcriptional
regulation by lovastatin and 25-hydroxycholesterol in HepG2 cells and molec-
ular cloning and expression of the cDNA for the human hepatic squalene
synthase. J. Biol. Chem. 268: 12818-12824.

Kandutsch, A. A., Chen, H. W. & Heiniger, H. J. (1978) Biological activity of
some oxygenated sterols. Science 201: 498-501.

Kim, J. B., Spotts, G. D., Halvorsen, Y. D., Shih, H. M., Ellenberger, T., Towle, H. C.
& Spiegelman, B. M.  (1995) Dual DNA binding specificity of ADD1/SREBP1
controlled by a single amino acid in the basic helix-loop-helix domain. Mol.
Cell. Biol. 15: 2582-2588.

Leighton, J. K., Joyner, J., Zamarripa, J., Deines, M. & Davis, R. A. (1990) Fast-
ing decreases apolipoprotein B mRNA editing and the secretion of small
molecular weight apoB by rat hepatocytes: evidence that the total amount of
apoB secreted is regulated post-transcriptionally. J. Lipid Res. 31: 1663—
1668.



800S SUPPLEMENT

Leiper, J. M., Bayless, J. D., Pease, R. J., Brett, D. J., Scott, J. & Shoulders, C. C.
(1994) Microsomal triglyceride transfer protein, the abetalipoproteinemia
gene product, mediates the secretion of apolipoprotein B—containing lipopro-
teins from heterologous cells. J. Biol. Chem. 269: 21951-21954.

Myant, N. B. & Mitropoulos, K. A. (1977) 7-Alpha-hydroxylase. J. Lipid Res.
18: 135-153.

Nimpf, J., Stifani, S., Bilous, P. T. & Schneider, W. J. (1994) The somatic cell-
specific low density lipoprotein receptor-related protein of the chicken. Close
kinship to mammalian low density lipoprotein receptor gene family members.
J. Biol. Chem. 269: 212-219.

Pullinger, C. R., North, J. D., Powell, L. M., Wallis, S. C. & Scott, J. (1989) The
apolipoprotein B gene is constitutively expressed in HepG2 cells: regulation
of secretion by oleic acid, albumin, and insulin, and measurement of the
mRNA half-life. J. Lipid Res. 30: 1065-1077.

Raag, R., Appelt, K., Xuong, N.-H. & Banazak, L. (1988) Structure of lamprey
yolk lipid-protein complex lipovitellin-phosvitin at 2.8 A resolution. J. Mol.
Biol. 200: 553-569.

Rusinol, A. E. & Vance, J. E.  (1995) Inhibition of secretion of truncated apolipo-
proteins B by monoethanolamine is independent of the length of the apolipo-
protein. J. Biol. Chem. 270: 13318-13325.

Segrest, J. P., Jones, M. K., Mishra, V. K., Anantharamaiah, G. M. & Garber, D. W.
(1994) ApoB-100 has a pentapartite structure composed of three amphi-
pathic alpha-helical domains alternating with two amphipathic beta-strand
domains. Detection by the computer program LOCATE. Arterioscler. Thromb.
14: 1674-1685.

Sharp, D., Blinderman, L., Combs, K. A., Kienzle, B., Ricci, B., Wager, S. K., Gil,
C. M., Turck, C. W., Bouma, M. E., Rader, D. J., Aggerbeck, L. P., Gregg, R. E.,
Gordon, D. A. & Wetterau, J. R.  (1993) Cloning and gene defects in micro-
somal triglyceride transfer protein associated with abetalipoprotein-
aemia. Nature (Lond.) 365: 65-69.

Shoulders, C. C., Brett, D. J., Bayliss, J. D., Narcisi, T. M. E., Jaruz, A., Grantham,
T., Leoni, P.R.D., Bhattacharya, S., Pease, R. J., Cullen, P. M., Levi, S., Byfield,
P.G.H., Purkiss, P., & Scott, J. (1993) Abetalipoproteinemia is caused by
defects of the gene encoding the 97 kDa subunit of a microsomal triglyceride
transfer protein. Hum. Mol. Genet. 2: 2109-2116.

Spring, D. J., Chen-Liu, L. W., Chatterton, J. E., Elovson, J. & Schumaker, V. N.
(1992) Lipoprotein assembly: apolipoprotein B determines lipoprotein core
circumference. J. Biol. Chem. 267: 14839-14845.

Thrift, R. N., Drisko, J., Dueland, S., Trawick, J. D. & Davis, R. A. (1992) Translo-
cation of apolipoprotein B across the endoplasmic reticulum is blocked in a
nonhepatic cell line. Proc. Natl. Acad. Sci. U.S.A. 89: 9161-9165.

Vance, J. E. & Vance, D. E.  (1990) Lipoprotein assembly and secretion by he-
patocytes. Annu. Rev. Nutr. 10: 337-356.

Wang, X., Sato, R., Brown, M. S., Hua, X. & Goldstein, J. L. (1994) SREBP-1,
a membrane-bound transcription factor released by a sterol-regulated prote-
olysis. Cell 77: 53-62.

Wetterau, J. R., Aggerbeck, L. P., Bouma, M.-E., Eisenberg, C., Munck, A., Her-
mier, M., Schmitz, J., Gay, G., Rader, D. J. & Gregg, R. E. (1992) Absence
of microsomal triglyceride transfer protein in individuals with abetalipopro-
teinemia. Science 258: 999-1001.

Wetterau, J. R. & Zilversmit, D. B. (1985) Purification and characterization of
microsomal triglyceride and cholesteryl ester transfer protein from bovine liver
microsomes. Chem. Phys. Lipids 38: 205-222.

Yao, Z., Blackhart, B. D., Linton, M. F., Taylor, S. M., Young, S. G. & McCarthy,
B.J. (1991) Expression of carboxyl-terminally truncated forms of human
apolipoprotein B in rat hepatoma cells. Evidence that the length of apolipopro-
tein B has a major effect on the buoyant density of the secreted lipoproteins.
J. Biol. Chem. 266: 3300-3308.

Young, S.G. (1990) Recent progress in understanding apolipoprotein B. Cir-
culation 82: 1574-1594.



