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Abstract Expression of the very low density lipoprotein re-
ceptor (VLDL-R) is barely detectable in liver, but occurs in
adipose tissue, skeletal muscle, heart, and placenta, where
it is postulated to supply triglyceride to tissues that utilize
fatty acids. To investigate its tissue-specific expression, cell
lines were transfected with luciferase reporter gene con-
structs driven by the 5

 

9

 

-flanking region of the VLDL-R gene.
Transcriptional activity of a 4.2-kb promoter fragment was
5-fold higher in BeWo placental cells than in Huh-7
hepatoma cells, consistent with relative endogenous expres-
sion of the VLDL-R. By deletion analysis, DNase I protec-
tion assays and site-directed mutagenesis, two regulatory el-
ements were essential for maximal promoter activity in
BeWo cells: footprint site D (

 

2

 

856 to 

 

2

 

830) and an in-
verted CCAAT box (

 

2

 

703 to 

 

2

 

707). Mutation of either ele-
ment reduced promoter activity by 60% in BeWo cells, but
had little effect in Huh-7 cells, suggesting that these ele-
ments direct cell-type specific transcription. Electrophoretic
mobility-shift assays with BeWo nuclear extracts revealed
that the inverted CCAAT box binds transcription factor NF-
Y, and site D binds CCAAT/enhancer-binding protein b (C/
EBP

 

b

 

) and minor amounts of C/EBP

 

a

 

 and C/EBP

 

d

 

.
Overexpression of a dominant negative NF-YA vector con-
firmed involvement of NF-Y in the regulation of the VLDL-
receptor gene through the CCAAT box. However overex-
pression of C/EBP could not stimulate transcription from
the VLDL-receptor promoter nor from site D fused to a het-
erologous promoter, suggesting that the simultaneous bind-
ing of an accessory factor(s) may be necessary for C/EBP
transactivation via the D site.

 

—Kreuter, R., A. K. Soutar, and
D. P. Wade.
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The very low density lipoprotein (VLDL) receptor is a
cell-surface protein of the low density lipoprotein (LDL)
receptor family that is able to bind and internalize VLDL
and other lipoproteins containing apoE, but not LDL,

 

which contains only apoB (1). The VLDL receptor has
also been reported to bind a variety of other ligands, in-
cluding lipoprotein lipase (2), 

 

M

 

r

 

 40,000 receptor associ-
ated protein (3), and several serine proteinase/serpin
complexes (4, 5). Though structurally very similar to the
LDL receptor, the VLDL receptor is largely expressed in
different tissues. VLDL-receptor mRNA is present at high
levels in heart and skeletal muscle, adipose tissue, and pla-
centa but is barely detectable in the liver, the major site of
LDL receptor expression in the body (1, 6–9). It has been
suggested that the VLDL receptor facilitates the supply of
triglyceride-rich lipoproteins to tissues that are major sites
of fatty acid catabolism, e.g., muscle and adipose tissue
(1). However the receptor is unlikely to play a predomi-
nant role in VLDL clearance, as mice homozygous for a
disruption in the VLDL-receptor gene exhibit normal
plasma VLDL concentrations (10). Cell lines such as
BeWo and JEG3 that are derived from placental tropho-
blasts express high levels of the VLDL receptor (11).
VLDL-receptor mRNA is also detectable in endothelial
and smooth muscle cells in arteries and veins (12, 13),
and in macrophages in arteriosclerotic plaques (14), rais-
ing the possibility that the protein may contribute to the
accumulation of lipids in vascular lesions.

In order to understand the molecular mechanisms un-
derlying the tissue-specific expression and regulation of
the VLDL receptor, and to gain some insight into possible
functions of the receptor, we have investigated the 

 

cis

 

-act-
ing elements and 

 

trans

 

-acting factors that are important in
the transcriptional control of the VLDL-receptor gene. In
this study we report the identification of two positive regu-
latory elements in the 5

 

9

 

-flanking region of the human

 

Abbreviations: ATF, activating transcription factor; BP, base pairs;
C/EBP, CCAAT/enhancer-binding protein; CHO, chinese hamster
ovary; CMV, cytomegalovirus; CREB, cAMP response element-binding
protein; kb, kilobase pairs; LDL, low density lipoprotein; NF-Y, nuclear
factor-Y; VLDL, very low density lipoprotein.
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VLDL-receptor gene that are important for basal tran-
scription activity in human BeWo placental trophoblast
cells, but not in Huh-7 human hepatoma cells. An ele-
ment, located between positions 

 

2

 

856 and 

 

2

 

830 relative
to the translational start site, was shown to bind members
of the CCAAT/enhancer-binding protein (C/EBP) family.
Transcriptional activation by the downstream element, lo-
cated between 

 

2

 

718 and 

 

2

 

690, was found to depend on
the binding of NF-Y to an inverted CCAAT box motif.

MATERIALS AND METHODS

 

Northern blotting

 

Total RNA was prepared from BeWo, CHO, Huh-7, and
HepG2 cells using TRIZOL reagent (Gibco BRL) according to
the manufacturer’s instructions and analyzed by Northern blotting
with a human VLDL-receptor cDNA probe as described previously
(9). Measurement of the relative expression of the VLDL-receptor
mRNA in CHO cells is possible because of the high degree of ho-
mology between the nucleotide sequences of the human and ham-
ster VLDL receptor (9). Relative band intensity on autoradio-
grams was quantified with an imaging densitometer (Bio-Rad).

 

Cloning of 5

 

9

 

-flanking region of the VLDL-receptor gene

 

A human placental genomic library in bacteriophage 

 

l

 

gt11
(Clontech, Palo Alto, CA) was screened with a human VLDL-
receptor cDNA probe (9) under stringent conditions (15). Six
positive clones were isolated from a screening of 5.5 

 

3

 

 10

 

5

 

plaques, and the clone containing the longest 5

 

9

 

-flanking region
(clone 11) was identified by restriction mapping and Southern
blotting (Fig. 1B).

 

Recombinant plasmids

 

A 7.8 kb 

 

Sac

 

I fragment from clone 11 containing 4.2 kb of the
5

 

9

 

-flanking region of the VLDL-receptor gene and part of the first
intron (Fig. 1B) was ligated into the 

 

Sac

 

I site of pBluescriptKS

 

1

 

(Stratagene) producing construct pBSVR7.8. To generate the lu-
ciferase reporter construct pGLVR4.2, plasmid pBSVR7.8 was di-
gested with 

 

Sac

 

I, blunt-ended with mung bean nuclease, and a
3.6-kb fragment was isolated after digestion with 

 

Ksp

 

I. A 0.6 kb

 

Ksp

 

I–

 

Nco

 

I fragment terminating at the ATG translation initiation
codon of the VLDL receptor was also isolated from the same vec-
tor, and both fragments were cloned into the SmaI-NcoI site of
pGL3-Basic (Promega). Nested 5

 

9

 

 deletion constructs of pGLVR4.2
were synthesized by Exonuclease III/mung bean nuclease diges-
tion (Stratagene). Site-directed mutations were introduced using
the Unique Site Elimination Mutagenesis Kit (Pharmacia Bio-
tech) as described (16). The mutations substituted 

 

Xba

 

I, 

 

Bgl

 

II, or

 

Kpn

 

I sites for wild-type sequences within deletion p(

 

2

 

1039)
GLVR (see Fig. 4). Fragments containing the correct mutations
were verified by sequencing and subcloned into construct p(

 

2

 

1039)
GLVRP. To create pCMVLuc, an 

 

EcoR

 

I/

 

Sma

 

I CMV promoter/en-
hancer fragment was excised from pCMV

 

b

 

 (Clontech), blunted
with Klenow enzyme, and ligated into the the 

 

Sma

 

I site of pGL3-
Basic.

The C/EBP expression vectors MSV-C/EBP

 

a

 

, MSV-C/EBP

 

b

 

,
and MSV-C/EBP

 

d

 

 (17) were a generous gift from Dr. S. L. Mc-
Knight; p

 

b

 

gal5.2, a 

 

b

 

-galactosidase reporter gene vector driven
by the apolipoprotein B promoter (18), was kindly provided by
Dr. B. Levy-Wilson, and 

 

D

 

4 NF-YA- m29, an expression vector cod-
ing for the dominant negative mutant of NF-Y subunit A, which
is under the control of the SV40 promoter (19) was a gift from
Dr. R. Mantovani.

 

Cell culture, transient transfections, and measurement 
of reporter gene activity

 

BeWo and CHO cells were cultured in Ham’s F-12 medium
(Gibco BRL) and hepatoma cell lines Huh-7 and HepG2 were cul-
tured in Dulbecco’s modified Eagle’s medium (Gibco BRL). All
media were supplemented with 10% fetal bovine serum (Gibco
BRL) and penicillin–streptomycin (Gibco BRL). Cells were trans-
fected with lipofectin (Gibco BRL) when approximately 40% con-
fluent as described previously (16). Unless otherwise stated, BeWo
cells were transfected with 3 

 

m

 

l lipofectin and 1.5 

 

m

 

g plasmid DNA
for 5 h; CHO cells with 2 

 

m

 

l lipofectin and 1 

 

m

 

g plasmid DNA for
5 h; and Huh-7 and HepG2 cells with 6 

 

m

 

l lipofectin and 3 

 

m

 

g
plasmid DNA for 16 h. Each plasmid mix included 0.5 

 

m

 

g of a
control reporter gene: pSV-

 

b

 

-Galactosidase (Promega), pCMV

 

b

 

(Clontech), or pCMVLuc, to correct for transfection efficiency, as
detailed in the figure legends. In co-transfection experiments, re-
porter plasmids and C/EBP expression vectors were added at a
1:1 molar ratio. Cells were lysed in 75 

 

m

 

l cell culture lysis reagent
(Promega) 36 h after transfection, and 

 

b

 

-galactosidase and lu-
ciferase activity were measured as described previously (16).

 

Preparation of nuclear protein extracts
and DNase I protection analysis

 

Nuclear proteins were prepared from approximately 20 con-
fluent T150 flasks of BeWo or Huh-7 cells as described previously
(16). For DNase I protection analysis, a 

 

Bsm

 

AI–

 

Sma

 

I fragment
from 

 

2

 

1039 to 

 

2

 

709, and a 

 

Cla

 

I–

 

Hind

 

II fragment containing se-
quences from 

 

2

 

759 to 

 

2

 

439 of the VLDL-receptor gene were ex-
cised from the appropriate VLDL-receptor promoter delection
constructs, and end-labeled by fill-in with Klenow enzyme and
the appropriate [

 

a

 

32P]dNTP. DNase I protection assays were
performed as described (16).

 

Electrophoretic mobility shift assay

 

Double-stranded oligonucleotides comprising the sequences
of footprint D, oligoD, (5

 

9

 

-CAACAGCAACGATAGTTGCATC
AGCGCT-3

 

9

 

), footprint F, oligoF (5

 

9

 

-GGACAGGCACCCGGGATT
GGAGGCGAGGGCGG-3

 

9

 

), their mutant derivatives oligo mutD
(5

 

9

 

-CAACAGCAACGAggtaccCATCAGCGCT-3

 

9

 

) and oligo mutF
(5

 

9

 

-GGACAGGCACCCGGtctagaAGGCGAGGGCGG-3

 

9

 

) (mutated
sequences shown in lower case), and a consensus binding sequence
for C/EBP, oligo C/EBP (5

 

9

 

-GCTGCAGATTGCGCAATCTGCA
3

 

9

 

) were labeled by fill-in with Klenow enzyme and the appropri-
ate [

 

a

 

32P]dNTP. Approximately 0.5 ng of each labeled oligonu-
cleotide was incubated with 2.5–5 

 

m

 

g nuclear extract for 1 h at
room temperature in 10 m

 

m

 

 Tris, pH 7.5, 50 m

 

m

 

 NaCl, 1 m

 

m

 

EDTA, 0.6 mg/ml BSA, 5 m

 

m

 

 dithiothreitol, 10% glycerol, 67

 

m

 

g/ml poly(dI.dC). In some cases 100- to 150-fold molar excesses
of unlabeled oligonucleotide or 1–2 

 

m

 

l of antiserum were in-
cluded. Labeled probes were added after 10 min preincubation
and antiserum was added after a further 10 min. Protein–DNA
complexes were fractionated on 4% or 5% polyacrylamide gels in
1

 

3

 

 TBE (0.09 

 

m

 

 Tris-borate, 0.002 

 

m

 

 EDTA). Antisera to C/EBP

 

a

 

,
C/EBP

 

b

 

, C/EBP

 

d

 

 and ATF-4 (that also recognizes C/ATF) were
purchased from Santa Cruz Biotechnology Inc.; antiserum to NF-
Y (subunit B) was a gift from Dr. Roberto Mantovani, University
of Milan, and antisera to ATF-1, ATF-2, CREB, and Jun were a gift
from Dr. Helen Hurst, ICRF, London.

 

RESULTS

 

Cell-type specific promoter activity of 4.2-kb
VLDL-receptor 5

 

9

 

-flanking region

 

Expression of the endogenous VLDL-receptor gene was
assessed initially in a number of cultured cell lines by
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Northern blotting. VLDL-receptor mRNA was 10- to 12-
fold more abundant in the human placental trophoblast-
derived cell line, BeWo, than in CHO cells and the human
hepatoma lines HepG2 and Huh-7 (

 

Fig. 1A

 

). To deter-
mine whether these differences in endogenous gene ex-
pression correlated with differential transcriptional regu-
lation of the gene, a luciferase reporter gene driven by
4.2-kb 5

 

9

 

-flanking region of the VLDL-receptor gene (Fig.
1B) was transiently expressed in these cell lines. The tran-
scriptional activity of this construct relative to the CMV
promoter was approximately 5-fold greater in BeWo and
HepG2 cells than Huh-7 and CHO cells (Fig. 1C). With

the exception of the high value for HepG2 cells, transcrip-
tional activity of the promoter constructs correlated well
with the relative abundance of VLDL-receptor mRNA in
these cell lines, suggesting that some regulatory elements
that confer cell-type specificity were present in the 4.2-kb
region. The results obtained with HepG2 cells may indi-
cate that some cell-type specific elements may reside dis-
tally to the 4.2-kb region examined here. However, the lev-
els of expression of a number of transcription factors in
HepG2 cells have been reported to differ from that char-
acteristic of adult hepatocytes in vivo (20, 21), and this
may explain the anomalous reporter gene activity that we

Fig. 1. VLDL-receptor mRNA abundance and
transcriptional activity of the VLDL-receptor pro-
moter in cultured cells. A: Total cellular RNA (30
mg) prepared from cell lines as indicated and an-
alyzed by Northern blotting with probes to the
human VLDL-receptor or b-actin cDNA. The rel-
ative intensities of bands on autoradiograms were
measured by densitometry; values for the VLDL-
receptor mRNA signals were normalized to the b-
actin signal, as shown beneath each lane. Identi-
cal results were obtained when the VLDL-receptor
mRNA signals were normalized to the amount of
28S RNA applied to the gel. B: Schematic draw-
ing of construction of pGLVR4.2. In the lgt11
clone diagram the first exon of the VLDL-recep-
tor gene is represented by a black box, and the
translational start site (22) is arrowed. A 3.6-kb
SacI-Ksp I fragment of the 59-flanking region of
the gene was cloned together with a 0.6-kb KspI-
NcoI fragment into the pGL3-Basic vector as de-
scribed in Materials and Methods. The resulting
construct contained 4.2-kb of 59-flanking region
terminating at the ATG initiator codon of the
VLDL-receptor gene. C: The indicated cell lines
were transiently transfected with the test plasmid
together with 0.5 mg pSV-b-galactosidase (CHO)
or pCMVb (all other cell lines) as a control for
transfection efficiency. Luciferase and b-galactosi-
dase activities were measured in cell lysates pre-
pared 36 h after transfection. Luciferase activity
was normalized to b-galactosidase activity, the
value of pGL3-Basic was subtracted, and the activ-
ity of pGL3VR4.2 was expressed as a percentage
of the activity of a luciferase reporter gene driven
by the CMV promoter (pCMVLuc) in each cell
type. Results represent the mean and standard
error of three independent transfections.
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observed in these cells. Consequently, BeWo and Huh-7
cells were used in subsequent transient transfection exper-
iments as models of tissues that express high and low lev-
els of the VLDL receptor.

Deletion analysis of the VLDL-receptor gene promoter
To localize sequence elements that are involved in

transcriptional regulation of the VLDL-receptor gene,
nested deletions of the 4.2-kb VLDL-receptor promoter
reporter construct were transiently transfected into BeWo
and Huh-7 cells. Deletion of sequences from 24210 to
21039 had little effect on luciferase expression from the
promoter in either cell type (Fig. 2), suggesting that ele-
ments driving basal transcription of the gene lie down-
stream of this region. Promoter activity was reduced by
64% in BeWo cells upon removal of sequences from
21039 to 2759, but changed only minimally in Huh-7

cells. Deletion of sequences between 2718 to 2690 re-
sulted in unchanged expression from the promoter in
Huh-7 cells but a reduction in activity of ,50% in BeWo
cells. This indicates the presence of two regions contain-
ing cell-type specific positive regulatory elements. Lu-
ciferase expression remained unaltered in either cell type
when sequences were removed up to the transcriptional
start sites clustered at 2625 (22), but the promoter re-
tained significant residual activity, suggesting that addi-
tional positive elements are situated in the ,600 bp re-
gion between the transcription start sites and the ATG
translation initiation codon. However, deletion of se-
quences within this 59-untranslated region of the mRNA
resulted in paradoxical increases in luciferase expression
that may result from artifactual effects on mRNA stability
(results not shown). This region was therefore not exam-
ined further.

Localization of functional cis -elements
in VLDL-receptor promoter

To locate potential regulatory elements between posi-
tions 21039 and 2690 of the VLDL-receptor promoter,
sites within this region that bound BeWo nuclear proteins,
were identified by DNase I protection assays. Five protein
binding sites (A–E) were present in the region between
21039 and 2759 and two (F and G) in the region be-
tween 2718 and 2690 (Fig. 3). To assess which of the bind-
ing sites that are detectable by this technique are function-
ally important in transcription of the VLDL-receptor gene,
each footprint sequence was mutated in the context of the
p(21039)GLVR deletion as shown in Fig. 4A, and the activ-
ity of each mutant VLDL-receptor promoter was tested by
transient expression in BeWo cells (Fig. 4B). The selected
mutations were designed to disrupt potential binding sites
for known nuclear proteins revealed by computer analysis
of the nucleotide sequences of the protected regions (24).

Mutation of site D, located at positions 2830 to 2856, re-
duced the expression of the luciferase reporter gene by ap-
proximately 55% compared to wild-type. Mutation of the in-
verted CCAAT box at positions 2707 to 2703 in footprint F
(mut F2) decreased the activity of the VLDL-receptor pro-
moter by approximately 60% in BeWo cells. Thus much of
the previously observed reduction in promoter activity re-
sulting from the deletion of sequences 21039 to 2759 and
2718 to 2690 (Fig. 2) could be accounted for by the elimi-
nation of sites D and F2. In Huh-7 cells mutation of sites D
or F2 had no significant effect on promoter activity (re-
sults not shown), consistent with the results of the deletion
analysis. These results suggest that both of these elements
may function in a cell-type specific manner. Mutations in
the other sites had less pronounced effects on transcrip-
tional activity, although they did alter the DNAse I foot-
print pattern compared to the wild-type promoter, sug-
gesting that the disrupted elements play a less important
role in basal transcription of the gene (data not shown).
However, further attempts to clarify these changes in nu-
clear factor binding by bandshift assays were unsuccessful
as the proteins proved undetectable with our current assay
system.

Fig. 2. Deletion analysis of VLDL-receptor promoter. BeWo and
Huh-7 cells were transfected with 1 mg of the indicated deletion
mutants of pGLVR4.2 and 0.5 mg pCMVb as a control for transfec-
tion efficiency. Results represent the normalized mean and stan-
dard deviation of at least three independent transfections and are
expressed as a percentage of the activity of pCMVLuc in each cell
type. Where data is not shown for Huh-7 cells (top, deletions 23529
to 21662), experiments were not performed.
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C/EBP binds to site D of the VLDL-receptor promoter
Transcription factors that bind to the site D were identi-

fied by electrophoretic mobility shift assay using nuclear
proteins from BeWo and Huh-7 cells (Fig. 5). A complex
pattern comprising at least six major bands was apparent
with nuclear extract from BeWo cells (Fig. 5B, lane 1). A
qualitatively similar but less intense pattern was observed
when the same mass of Huh-7 nuclear extract was used
(Fig. 5B, lane 9). The formation of all complexes was abol-
ished by the inclusion of an excess of unlabeled oligo D,
showing that the complexes are sequence specific (Fig.
5B, lanes 2 and 10). Inclusion of an excess of the mutated
D oligonucleotide did not result in the displacement of
any of the proteins bound to the wild-type oligonucleotide
(Fig. 5B, lanes 3 and 11), demonstrating that the muta-
tion disrupts a sequence essential for protein recognition.

Computer analysis (24) of the sequence of footprint D re-
vealed homologies to binding sites for the transcription
factors Sp1, GATA-1, Oct-1, CREB, and C/EBP. To clarify
the identity of the proteins binding to the D site, an excess
of oligonucleotides representing consensus sequences for
the binding of these factors (Table 1) were included in
the electrophoretic mobility shift assay. No competition
was observed with GATA-1, Sp1, or Oct-1 oligos, but both C/
EBP and CREB oligos abolished complex formation, sug-
gesting that members of the C/EBP and CREB family may
recognize site D. To test this hypothesis, antisera against C/
EBP family members a, b, and d and CREB/ATF family
members CREB, ATF-1, ATF-2, and ATF-4, as well as Jun
were included in the binding reactions. Antisera against
CREB/ATF family proteins or Jun did not affect complex
formation with BeWo nuclear extract (results not shown).
However, an antiserum to C/EBPb retarded the mobility of
most of the protein-DNA complexes formed with BeWo nu-
clear proteins (Fig. 5C, lane 4). Antiserum against C/EBPa
resulted in the appearance of faint shifted bands (Fig. 5C,
lane 3), whereas antiserum to C/EBPd slightly impaired for-
mation of complex 5 (Fig. 5C, lane 5). These results suggest
that most of the complexes formed between oligo D and
BeWo nuclear proteins contain C/EBPb, with only minor
amounts of C/EBPa and C/EBPd. With Huh-7 nuclear ex-
tracts, the antiserum to C/EBPa affected the mobility or
integrity of a greater proportion of the complexes formed
than with BeWo cells (Fig. 5C, lanes 7 and 8) suggesting that
there is more C/EBPa in the DNA–protein complexes
formed with this extract. The DNA–protein complexes
formed between BeWo nuclear extract and site D were quali-
tatively different from those formed with a C/EBP consensus
oligonucleotide (Fig. 5D), suggesting that nuclear proteins
other than C/EBP isoforms can recognize this element.

Overexpression of C/EBP alone does not transactivate 
the VLDL-receptor promoter

To investigate whether C/EBP plays a role in the trans-acti-
vation of the VLDLR promoter via site D, C/EBP expression
vectors were co-transfected with reporter gene construct
p(21039)GLVR. In BeWo cells, co-expression of C/EBP iso-
forms a, b, and g did not result in trans-activation of the
VLDL-receptor promoter (results not shown). Furthermore
no trans-activation was observed upon co-expression of any
combination of isoforms (results not shown). As endogenous
expression of C/EBP is high in BeWo cells (Fig. 5) it is possi-
ble that under these experimental conditions C/EBP may be
in excess. The experiments were therefore repeated in
HepG2 cells that are known to express only small amounts of
endogenous C/EBP (20). However, co-expression of C/
EBPa and C/EBPb in HepG2 cells also failed to trans-activate
the VLDL-receptor promoter, although both proteins were
able to stimulate the activity of the C/EBP-regulated apoB
promoter (31) in these cells (data not shown).

NF-Y binds to the inverted CCAAT box in the
VLDL-receptor promoter

In order to characterize the factors binding to the F2
site of the VLDL-receptor promoter, a double-stranded oli-

Fig. 3. DNase I protection analysis of the proximal VLDL-recep-
tor promoter. Restriction fragments of the VLDL-receptor pro-
moter comprising sequences from 21039 to 2709 (A) and 2759 to
2439 (B) were end-labeled on one strand and digested with DNase
I in the presence (NE) or absence (0) of 75 mg of nuclear proteins
isolated from BeWo cells. Digestion products were fractionated on
6% polyacrylamide gels containing 7 m urea in parallel with chemi-
cally cleaved (23) G ladders of the same fragment (G).
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gonucleotide spanning this sequence, oligo F, was incu-
bated with nuclear proteins isolated from BeWo and Huh-
7 cells. Two closely migrating complexes were formed be-
tween BeWo and Huh-7 nuclear proteins and oligo F (Fig.
6B, lanes 1 and 7). Formation of the doublet was com-
pletely abolished by a molar excess of unlabeled wild-type
oligo F but not by an excess of the mutant oligo, mutF
(Fig. 6B, lanes 2 and 3), confirming the sequence-specific
nature of the interaction. As the mutant sequence disrupts
a CCAAT motif, it is likely that the proteins binding to
oligo F recognize this sequence. The pattern of the gel-
shifted complex suggested that the protein binding to this
sequence might be NF-Y (32). Addition of an antiserum to
NF-Y resulted in complete abolition of the doublet band
and the appearance of supershifted complexes (Fig. 6B,
lanes 6 and 8), confirming that NF-Y is the factor in both nu-
clear extracts that recognizes the CCAAT box of the VLDL-
receptor promoter. In order to confirm that NF-Y plays a

role in the regulation of transcription from the VLDL-recep-
tor promoter in vivo, BeWo cells were co-transfected with
the reporter construct p(21039)GLVR and an expression
vector for the dominant negative mutant of the NF-Y sub-
unit A, D4 NF-YA-m29 (19). As shown in Fig. 7, overex-
pression of the dominant negative mutant results in
marked repression of transcription from the wild-type
VLDL-receptor promoter construct to the level exhibited
by the construct containing the mutant CCAAT box. How-
ever, expression of the dominant negative NF-YA subunit
did not significantly affect transcription from mutant
CCAAT box construct.

DISCUSSION

VLDL-receptor mRNA was 10- to 12-fold more abun-
dant in the human placental trophoblast-derived cell line

Fig. 4. Effect of mutations in the VLDL-receptor
promoter on luciferase activity in BeWo cells. A:
The sequence of the VLDL-receptor promoter
from 21039 to 2593 is shown with the regions
protected from DNase I digestion by BeWo nuclear
proteins (Fig. 3) boxed. Previously mapped tran-
scription start sites (22) are indicated by arrow-
heads. The site-directed mutations indicated be-
neath the sequence were introduced into the
21039 deletion construct of pGLVR4.2, p(21039)
GLVR. B: Transcriptional activity of site-directed
mutants in BeWo cells. BeWo cells were transiently
transfected with 1 mg of p(21039)GLVR or its mu-
tant derivatives together with 0.5 mg of pCMVb as a
control for transfection efficiency. Normalized lu-
ciferase activities are presented as a percentage of
the activity of the wild-type deletion construct and
represent the mean and standard error of three in-
dependent transfections.
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BeWo than in CHO cells and the human hepatoma lines
HepG2 and Huh-7. In agreement with these results, the
VLDL receptor gene is expressed abundantly in placenta
(11) and minimally in liver (6–9) in vivo. The differential
expression of a luciferase reporter gene construct driven
by 4.2 kb of the 59-flanking region of the VLDL-receptor
gene in a number of cells suggests that this fragment con-
tains some of the elements that direct cell-type specific
transcription. Our results show that that basal transcrip-
tion in BeWo cells is dependent on the integrity of a 1039
bp fragment upstream of the ATG initiator codon, and
that elements essential for maximal activity of the pro-
moter in these cells, but not in Huh-7 cells, were present
between positions 21039 and 2759 and 2718 and 2690,
suggesting that these regions contain elements that are
cell-type specific in function.

One positive element was localized to a footprint site lo-
cated at 2856 to 2830 and gel shift assays revealed that all
six of the DNA–protein complexes formed with this site
are composed, at least in part, of C/EBP isoforms. Muta-
tion of site D abolished both the transcriptional activity of

the promoter fragment and binding of proteins, includ-
ing C/EBP, to this site, but overexpression of C/EBP did
not enhance transcription of the reporter construct. C/
EBPs are a family of trans-activating factors that must form
homo- or heterodimers via their leucine zipper domains
in order to bind to their DNA recognition sequences (17,
33, 34). The isoforms differ in molecular weight, and
splice variants exist in different tissues or at different de-
velopmental stages. For example, C/EBPa and C/EBP are
expressed in hepatocytes both as full-length isoforms that
act as activators of transcription and as shorter splice vari-
ants containing only the DNA binding domain, that act as
dominant negative repressors of transcription (35). The
ratio of expression of each isoform and splice variant in a
particular tissue determines the nature of the hetero- and
homodimers formed (33–35). This alone may account for
the multiple complexes that we observed in electro-
phoretic mobility shift assays. Immunoblots revealed that
C/EBPa, C/EBPb, and LIP, the dominant negative vari-
ant of C/EBPb, are all expressed at a similar ratio in
BeWo and in Huh-7 cells (results not shown), although

Fig. 5.
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the absolute level in BeWo cells is about 3- to 4-fold
greater than in Huh-7 cells. However, the relative levels of
these factors in nuclear extracts from BeWo and Huh-7 do
not correlate with their apparent capacity to form com-
plexes with an oligonucleotide corresponding to site D in
gel shift assays. Therefore it is likely that other factors in
nuclear extracts from BeWo and Huh-7 cells modulate the
binding activity of C/EBPa and C/EBPb to site D of the
VLDL-receptor promoter and also account for the differ-
ence in the activity of site D in these two cell lines. The ob-
servation that the band pattern obtained in electrophoretic
mobility shift assays with oligo D is clearly different from
that obtained with a C/EBP consensus binding sequence

(Fig. 5D) does suggest that in BeWo nuclear extracts there
are factors in addition to C/EBP that bind to site D. Nev-
ertheless, as every complex that forms with site D is elimi-
nated or shifted by a combination of antisera to C/EBPa,
-b, and -d, it appears likely that the additional factor must
bind to site D as an obligate heterodimer with a C/EBP
family member. The hypothesis that only heterodimers of
C/EBP with another factor rather than C/EBP family
homodimers are capable of mediating trans-activation
through site D is consistent with our puzzling observation
that overexpression of C/EBP alone did not enhance
transcription from transiently expressed VLDL-receptor
promoter reporter constructs. Further indication that site

Fig. 5. Binding of nuclear proteins from BeWo and Huh-7 cells to site D of the VLDL-receptor promoter.
A: Sequences of synthetic double-stranded oligonucleotides, oligo D, corresponding to bases 2859 to 2829
of the VLDL-receptor promoter, and oligo mutD, containing the sequence mutD in Fig. 4, that were used in
electrophoretic mobility shift assays. Bases differing from the wild-type sequence are shown in lower case.
Also shown is an aligned consensus sequence for the binding of C/EBPb (25). B and C: Electrophoretic mo-
bility shift assays. Approximately 0.5 ng of 32P-labeled oligo D was incubated with 2.5 mg of BeWo or Huh-7
nuclear extract in the presence or absence of a 100-fold molar excess of unlabeled competitor oligonucle-
otide (B), or specific antiserum (C), as indicated. Protein–DNA complexes are marked and numbered. D,
Comparison of the binding of BeWo nuclear proteins to a consensus C/EBP site and oligo D. Approximately
0.5 ng of 32P-labeled oligo D or a double-stranded oligonucleotide representing a consensus C/EBP binding
element (Table 1) was incubated with 2.5 mg of BeWo nuclear extract.
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D differs from a simple C/EBP element is the observation
that, unlike the C/EBP site of the albumin promoter, site
D is a powerful independent activator of transcription
from the minimal SV40 promoter in HepG2 cells in the
absence of overexpressed C/EBP (data not shown). How-
ever, the formal possibility must also be considered that
the factor that mediates trans-activation through site D is
not detectable by the current electrophoretic mobility
shift methods and therefore does not involve C/EBP or

the additional unidentified proteins that we detect in gel
shift assays (Fig. 5D) with site D.

The second cis -element essential for maximal transcrip-
tional activity of the VLDL-receptor promoter in BeWo
cells is an inverted CCAAT box located between 2707 and
2703 that binds the nuclear protein NF-Y. These elements
are found in most eukaryotic promoters, often located at
approximately 280 relative to the transcriptional start
site, as in the VLDL-receptor gene, and they appear to
contribute to a general enhancement of transcription. NF-
Y is a heteromeric complex of three subunits (A, B, and
C) (36) that is important in transcription of many eukary-
otic genes. Although NF-Y has been considered a constitu-
tive and ubiquitous factor, its activity has recently been
recognized to be modulated during cell differentiation
and in response to extracellular signalling (32).

Our results suggest that the VLDL-receptor promoter is
less transcriptionally active in the Huh-7 hepatoma cell
line than the BeWo line because the important C/EBP
and NF-Y binding elements we have identified here do not
function in Huh-7 cells. Mutations in either element that

TABLE 1. Sequences of transcription factor binding site
competitive oligonucleotides

Transcription
Factor Sequence Ref.

C/EBP GCTGCAGATTGCGCAATCTGCA 26
CREB AGAGATTGCCTGACGTCAGAGAGCTAG 27
GATA-1 GTTGAAACAAGATAAGATCAAATTGA 28
OCT-1 TGTCGAATGCAAATCACTAGAA 29
Sp1 ATTCGATCGGGGCGGGGCGAGC 30

The core binding sequences for each factor are underlined.

Fig. 6. Binding of nuclear proteins from BeWo and
Huh-7 cells to the inverted CCAAT box of the VLDL re-
ceptor. A: Shows the sequences of double-stranded oli-
gonucleotides: F, corresponding to bases 2716 to 2690
of the VLDL-receptor promoter, and mutF, containing
the sequence mutF2 used in gel mobility shift assays
shown in Fig. 4. Bases differing from the wild-type se-
quence are shown in lower case. The NF-Y consensus se-
quence (inverted CCAAT box) is also shown. B: Electro-
phoretic mobility shift assays. Approximately 0.5 ng of
32P-labeled oligonucleotides F or mutF were incubated
with 5 mg of BeWo or Huh-7 nuclear extract in the pres-
ence or absence of a 150-fold molar excess of unlabeled
competitor oligonucleotide, antiserum against NF-Y
(NF-Y), or non-immune serum (NI), as indicated.
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reduce promoter activity by more than 50% in BeWo cells
have no significant effect in the Huh-7 line. It is not clear
why this should be so. C/EBP isoforms are highly ex-
pressed in adult liver tissue (20) and are also present in
Huh-7 cells (Fig. 5). However, the putative co-factor that
our results suggest may be required to bind with C/EBP to
site D to mediate trans-activation may not be expressed in
Huh-7 cells or may be present in an inactive form. The
factor binding to the second cell-type specific element,
NF-Y, is similarly present in both cell types. However,
markedly lower levels of NF-Y binding activity are detect-
able in Huh-7 than BeWo cell extracts (Fig. 7) and this
may account for the difference in the activity of the
CCAAT box in each cell line. It is probable that additional
regulatory elements that confer cell-specificity of expres-
sion on the VLDL-receptor promoter remain to be identi-
fied, however, as both C/EBP and NF-Y are expressed in a
larger range of cell types than those that express the
VLDL-receptor gene.

The identification of a regulatory element in the VLDL-
receptor promoter that binds C/EBP raises interesting im-
plications for the function of the receptor in vivo. C/EBPs
are recognized to play an important role in the regulation
of genes that are important in energy balance and lipid
metabolism, and elevation of their expression is also asso-
ciated with terminal differentiation processes in a number
of cell types (37–39). The regulation of VLDL-receptor ex-
pression by C/EBP, probably as a heterodimer with an as
yet unidentified factor, is therefore consistent with the
possible role of the receptor in the delivery of lipid to tis-
sues and the increase in its expression that has been ob-

served during differentiation of some cell lines. Our find-
ing that an NF-Y element is important for maximal VLDL-
receptor gene transcription is also of interest as it has
been reported that NF-Y activity also rises rapidly as mono-
cytes differentiate into macrophages (32). Furthermore,
NF-Y plays a major role in transcriptional regulation of the
lipoprotein lipase gene (40), which closely resembles the
VLDL receptor in its tissue distribution of expression (1, 9),
and in adipose tissue, at least, appears to be co-ordinately
regulated with the VLDL receptor (6). It is possible that
some of the similarities in regulation of the two genes derive
from possession of this common NF-Y regulatory element.

In summary, we have shown that maximal activity of the
VLDL-receptor promoter in placental BeWo cells depends
on two regulatory elements that do not function in Huh-7
hepatoma cells. One element binds C/EBPb, and appears
to require the additional binding of an as yet unidentified
co-factor(s) to mediate trans-activation. The second ele-
ment is an inverted CCAAT box that binds NF-Y. Further
studies are required to determine whether these elements
are the downstream targets for extracellular signals that
affect expression of the VLDL-receptor gene.
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