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proximal promoter region of the apolipoprotein E gene
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We have used the yeast one-hybrid system to identify tran-

scription factors with binding capability to specific sequences in

proximal regions of the apolipoprotein E gene (APOE ) promoter.

The sequence between ®113 and ®80 nt, which contains regu-

latory elements in various cell types, was used as a bait to screen

a human brain cDNA library. Four cDNA clones that encoded

portions of the human upstream-stimulatory-factor (USF) tran-

scription factor were isolated. Electrophoretic-mobility-shift

assays (‘EMSAs’) using nuclear extracts from various human

cell lines as well as from rat brain and liver revealed the formation

of two DNA–protein complexes within the sequence CACCT-

CGTGAC (region ®101}®91 of the APOE promoter) that

show similarity to the E-box element. The retarded complexes

contained USF1, as deduced from competition and supershift

assays. Functional experiments using different APOE promoter–

luciferase reporter constructs transiently transfected into U87,

INTRODUCTION

Apolipoprotein E (ApoE) has a key role in the metabolism of

plasma lipoproteins by serving as a ligand for the low-density-

lipoprotein-receptor family [1]. ApoE is a single-chain poly-

peptide of 299 amino acids in which the presence of either

arginine or cysteine at amino acid position 112 and 158 [2]

defines three human ApoE variants : E2, E3 and E4 [3,4]. A

number of previous in �itro and in �i�o studies, as well as recent

experiments with ApoE-deficient mice and human ApoE-gene

(APOE ) transgenic mice, reveal that ApoE plays an important

role in neuronal maintenance and repair [5–8]. Genetic studies

have demonstrated that ApoE4 is an important risk factor for

late-onset Alzheimer’s disease [9,10]. This allele is also responsible

for poor outcome after brain injury [11,12], stroke [13] or

neurotoxic damage [8].

Although the major site of synthesis is the liver, the protein is

also produced in extrahepatic tissues, such as the adrenals and

the nervous system. In the human brain, astrocytes are the major

site of immunoreactive ApoE [14], particularly the Bergmann

glia of the cerebellum, but it is also found in subpopulations of

neurons in the cortex and the hippocampus [15]. Several studies

have demonstrated changes in astrocyte ApoE production in

response to neurodegenerative insults in the hippocampus [16],

or in response to inflammatory mediators [17] ; however, the

regulation of this gene remains largely unexplored in the brain,

in spite of its importance in process of degeneration and

regeneration of the nervous system. Previous studies demon-

strated that transcriptional regulation of the human APOE gene

is influenced by multiple regulatory elements in its promoter.

Abbreviations used: AD, Alzheimer’s disease ; ApoE, apolipoprotein E; APOE, human apolipoprotein E gene; bHLH, basic helix–loop–helix ; DN-USF,
dominant-negative form of USF1; EMSA, electrophoretic-mobility-shift assay ; His-USF1, histidine-tagged USF1 protein ; TFE, transcription factor E ;
URE, upstream regulatory element ; USF, upstream stimulatory factor.
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HepG2 or HeLa cell lines showed that mutations that precluded

the formation of complexes decreased the basal activity of the

promoter by about 50%. Overexpression of USF1 in U87

glioblastoma cells led to an increased activity of the promoter

that was partially mediated by the atypical E-box. The stimu-

latory effect of USF1 was cell-type specific, as it was not observed

in hepatoma HepG2 cells. Similarly, overexpression of a USF1

dominant-negative mutant decreased the basal activity of the

promoter in glioblastoma, but not in hepatoma, cells. These data

indicated that USF, and probably other related transcription

factors, might be involved in the basal transcriptional machinery

of APOE by binding to a non-canonical E-box motif within the

proximal promoter.

Key words: Alzheimer’s disease, apolipoprotein E, E-box, gene

regulation, nervous system, upstream regulatory factor (USF).

Regulatory elements were identified at nucleotides ®193 to

®124 upstream of the first exon [named region URE1 (upstream

regulatory element 1)], at nucleotides ®366 to ®246 (URE2)

and a functional GC box at ®59 to ®45 [18,19]. In addition, a

DNase I footprint was identified at ®103 to ®87 (named

URE3) [18–20] by using nuclear extracts from various cell lines.

However, the nature of the transcription factors that bind to

these regions is poorly defined.

The importance of the regulatory region of the APOE gene in

the production of ApoE in the brain is emphasized by the recent

identification of a number of polymorphisms within the promoter

[21,22]. Because some of these polymorphic sites are associated

with increased risk of Alzheimer’s disease [23,24], we have

investigated the regulatory elements that specify its expression in

neural cells. Previously we identified the transcription factor AP-2

as a mediator of the cAMP stimulation of ApoE synthesis in

glial cells [25] ; moreover, we have shown that transcription

factors Zic1 and Zic2 bind and transactivate the apolipoprotein

E gene promoter in glioblastoma cells [26].

Upstream stimulatory factor (USF) is a ubiquitous tran-

scription factor that belongs to the class B proteins of the basic

helix–loop–helix (bHLH) family. It also contains a leucine zipper

that contributes to dimerization of the protein. USF was first

identified as a stimulator of transcription from the adenovirus

late promoter [27] and was purified as two polypeptides of 43 and

44 kDa termed USF1 and USF2 [28]. USF1 and USF2 bind to

the E-box motif (CACGTG) as mono- and hetero-dimers [29].

Other transcription factors, including Myc, Max, transcription

factor E3 (TFE3), TFEB, TFEC, as well as transcriptional

repressors of the Mad family and Mnt, bind to the E-box motif.
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The E-box motif is present in a large number of genes; however,

how a given response element can discriminate among all these

different transcription factors is currently unclear. In this respect,

several mechanisms have been proposed and, in some instances,

experimentally substantiated (for a review, see [30]). For instance,

deviations from the consensus sequence found in non-canonical

sites might allow preferential binding of a subset of complexes.

Also the flanking sequences, chromatin structure, methylation

status, relative position within the promoter or interaction with

adjacent regulatory elements might contribute to selection of a

particular complex [30]. USF has been involved in the basal

transcription of a number of genes, including genes for rat

γ-fibrinogen [31], murine metallothionein I [32], human CD2

[33], human β-globin [34] and rat amyloid β-protein precursor

[35], among others. USF also plays a role in the signal-induced

regulation of the -pyruvate kinase gene [36] or the fatty acid

synthase [37].

In the present study we searched for transcription factors with

binding capability to the ®113 to ®80 sequence of the APOE

gene, a region that contains the above-mentioned regulatory

element URE3 [18–20,37,38]. We have localized a functional

E-box-like element within this region, and identified transcription

factor USF1 as a transcriptional activator for APOE gene in the

astroglial cell line U87.

EXPERIMENTAL

Reporter constructs for library screen

The oligonucleotides TCGGGAGAACAGCCCACCTCGTG-

ACTGGGGGCTGGC and CCGAGCCAGCCCCCAGTCA-

CGAGGTGGGCTGTTCTC, containing the URE3 region

[18–20] of the APOE promoter, were synthesized and annealed.

The annealed oligonucleotide displayed overhanging ends

(underlined) to promote oriented oligomerization upon ligation

in the plasmid pAEA [39]. A fragment containing five tandem

repeats was subcloned into the yeast reporter plasmids, pHIS-1

and pLacZi (Clontech, Palo Alto, CA, U.S.A.), yielding plasmids

APOE3-pHIS-1 and APOE3-pLacZi respectively. The reporter

constructs were subsequently linearized and sequentially

integrated into the genome of the yeast strain YM4271. Yeast

was transformed first with APOE3-pLacZi, followed by APOE3-

pHIS-1. Transformants selected on Leu−}Ura− minimal medium

(i.e. lacking leucine and uracil) were used as a dual reporter host

yeast strain for the library screening.

Screening of the cDNA library

The host yeast strain was transformed with a MATCHMAKER

human brain cDNA library constructed in the pGAD10 vector

(Clontech) by the lithium acetate}poly(ethylene glycol) method

(http:}}www.clontech.com}techinfo}manuals}PDF}PT3024-1.

pdf). Approx. 5¬10% transformants were plated per 150-mm-

diameter dish containing His−}Leu− minimal selective medium

supplemented with 15 mM 3-aminotriazole. Approx. 2.5¬10'

cDNA plasmids were screened. On the basis of large colony size

and rapid growth, a total of eight positive clones were selected.

These clones were tested for β-galactosidase activities using the

filter replica method. Four clones showed a strong blue colour

compared with the host strain. Plasmids were recovered from

His+}LacZ+ colonies by transformation into DH5α cells. The

plasmids were partially sequenced and the nucleotide sequences

were compared with sequences in the GenBank2}EMBL data-

bases using the BLAST program.

Purification of recombinant histidine-tagged USF1 protein
(His-USF1)

To produce His-USF1 we prepared a bacterial expression con-

struct by transferring cDNA inserts from the yeast pGAD10

vector into the BamH1}BglII sites of the prokaryotic ex-

pression vector pTrcHisA (Invitrogen Inc., San Diego, CA,

U.S.A.). Expression of His-USF was induced in the Escherichia

coli strain BL21and purified with Ni#+-nitrilotriacetate resins

(Qiagen Inc, Valencia, CA, U.S.A.) using a batch protocol as

recommended by the manufacturer.

Electrophoretic-mobility-shift assay (EMSA)

Oligonucleotides were 5«-end-labelled with [γ-$#P]ATP using T4

polynucleotide kinase. Recombinant His-USF1 or nuclear

extracts (0.5–1 µg) were incubated for 15 min at room tem-

perature in 20 µl of binding buffer [Tris}HCl (pH 7.6)}100 mM

NaCl}1 mM MgCl
#
}0.5 mM EDTA}1 mM dithiothreitol,

supplemented with 2 µg of poly(dI-dC) [poly(dI-dC)}assay].

Where indicated, competitor oligonucleotides were included

during the preincubation period. In supershift assays, antibodies

against USF1 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA,

U.S.A.) were also included during the preincubation, the length

of which was extended to 40 min. Labelled oligonucleotide

(1 ng}binding reaction, 100000–200000 c.p.m.) was then added,

and the mixture was incubated for 30 min at room temperature.

The incubation mixture was electrophoresed on 4% poly-

acrylamide gels containing 0.5¬TBE (45 mMTris}borate}1 mM

EDTA) buffer. Gels were dried and autoradiographed.

Plasmid constructions

The luciferase reporter plasmid pXP2 [40] was used to harbour

different fragments of the APOE promoter. The fragments were

generated byPCR using oligonucleotides from the desired regions

as primers and the APOE-pCRII construct [25] as a template.

Amplified fragments were ligated to the pCRII vector

(Invitrogen), and the identity was confirmed by sequencing.

Fragments were subcloned in the MCS of pXP2 in front of the

luciferase reporter gene. Mutations were introduced by PCR by

using mutant oligonucleotides as previously described [41]. A

dominant-negative form of USF that contained an internal

deletion of amino acids 200–212 [42] was derived from the wild-

type USF1 by PCR, the method of Higuchi [41] being followed.

Cell culture and transfections

U87, HepG2 or HeLa cells were grown in Dulbecco’s modified

Eagle’s medium containing 10% (v}v) fetal-bovine serum. Trans-

fections were performed with 0.5 µg of DNA per well in 24-well

tissue-culture plates by using the CalPhosTM Mammalian Trans-

fection kit (Clontech) according to the instructions of the

manufacturer.

Luciferase and β-galactosidase assays

Cells were harvested on day 2 following transfection with 150 µl

of a lysis buffer containing 25 mM Tris}phosphate, 2 mM

dithiothreitol, 2 mM EDTA, 10% (v}v) glycerol, 1% Triton

X100. Luciferase was measured using the Luciferase Assay

System (Promega, Madison, WI, U.S.A.) in a Monolight 2010

luminometer (Analytical Luminescence Laboratory, San Diego,

CA, U.S.A.) by incubation of 40 µl of cell extract with 90 µl of

luciferase assay reagent as recommended by the manufacturer.
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β-Galactosidase was determined in a 96-well microtitre plate

by incubating 20 µl of cellular extract with 20 µl of a solution

containing 3 mg}ml o-nitrophenyl β--galactopyranoside. Rela-

tive luciferase activity was calculated as the ratio between

luciferase and β-galactosidase activities.

RESULTS

Isolation of cDNA clones encoding an APOE-promoter-binding
protein

We were interested in identifying transcriptional factors that

regulate the expression of the APOE gene. Since sequences in the

proximal regions of the APOE promoter have been demonstrated

to be functionally important for the regulation of the ApoE

expression, we attempted to clone new transcription factors

capable of binding the 5«-flanking region upstream of the TATA

box of the APOE gene (Figure 1A). In the present study we

selected the ®113}®80 region, as deletion analyses and DNA

footprinting experiments had previously revealed the presence

of regulatory sequences and protein binding within this region of

the promoter. We employed the yeast one-hybrid assay to screen

a human brain cDNA library. Five tandem copies of the duplex

DNA containing the sequence spanning ®113 to ®80 of the

APOE promoter (region URE3) were linked to a minimal HIS3

Figure 1 Binding of recombinant His-USF to the w113/w80 ApoE
promoter sequence

(A) Diagram of the proximal APOE promoter showing the location of some putative regulatory

elements. TATA, the TATA box element ; GC, the GC box element ; URE1 and URE3 have already

been defined [18,20] ; ERE, oestrogen response element. Binding sites for transcription factors

SP1 (simian-virus-40 protein 1), AP2 (activator protein 2), ZIC (zinc finger of the cerebellum)

and BEF-1 (BK virus enhancer factor-1) are indicated. (B) The gel-mobility-shift assay was

performed with 1 ng of 32P-labelled ®113/®80 DNA fragment incubated with 500 ng of

bacterial control extract (lane 1) or purified His-tagged USF (lane 2).

promoter either in pHIS1 or in pLacZi reporter plasmids and

integrated into the genome of the yeast strain YM4271 (his3,

leu2) (HIS3 is the reporter gene conferring prototrophy on

yeast). A hybrid expression library (MATCHMAKER) con-

sisting of human brain cDNA fused to the GAL4 activation

domain was then screened to identify proteins that bound to the

APOE promoter fragment and activated HIS3 transcription

from the reporter construct. Transformants growing on selective

medium were assayed for β-galactosidase expression. After

screening 2.5¬10' independent colonies, eight colonies grew on

His−}Leu− selective medium. Four of them produced strong blue

colour on filter assay after 1 h of incubation in the presence of

5-bromo-4-chloroindol-3-yl β--galactopyranoside (‘X-Gal ’).

Plasmids of these transformants were then recovered and

sequenced. Sequence analysis revealed that all four clones

encoded to different portions of the same USF1 transcription

factor and were in-frame with the activation domain of GAL4.

The two longest clones encoded proteins missing the 34 N-

terminal amino acids.

USF1 binds to the APOE promoter

To confirm the presence of USF1-binding sites in the APOE gene

promoter, we first produced His-tagged USF1 proteins by

transferring the USF1-encoding inserts from the yeast vector

pGAD10 to the prokaryotic expression vector pTrcHisA. The

recombinant proteins were then purified on nickel-containing

resins. The binding activity of the recombinant protein was

assayed by EMSA using as a probe the radioactively labelled

oligonucleotide covering bases ®113}®80 (Figure 1B). No

bands of retarded mobility were observed in the absence of

recombinant protein, whereas a retarded band was detected in

the presence of purified His-tagged USF1.

Next we analysed the presence of USF binding activity by

EMSA in nuclear extracts derived from diverse cell lines and

tissues, using as a probe the double-stranded bait oligonucleotide.

When labelled ®113}®80 was incubated with HeLa nuclear

extracts, several retarded complexes were apparent (Figure 2,

lane 2). The two upper bands (complex 1}2) were competed for

by a molar excess of unlabelled double-stranded ®113}®80 oligo-

nucleotide (lane 3), as well as by the shorter ®107}®88

oligonucleotide (lane 4) and by an oligonucleotide containing the

consensus E-box sequence (lane 5), but not by comparable

amounts of an oligonucleotide derived from the adjacent APOE

promoter region (®163}®124) (Figure 2, lane 6). No dis-

placement was observed by other unrelated oligonucleotides

(results not shown). The nature of the lower bands observed with

this probe (Figure 2, arrowheads) is unclear, as they were

displaced by ®113}®80 and ®107}®88 oligonucleotides, but

also by the unrelated oligonucleotide ®163}®124. These bands

were partially displaced by the USF consensus oligonucleotide.

When we used as a probe a labelled oligonucleotide containing

the E-box consensus sequence (Figure 2, lanes 7–12), we

observed the presence of two complexes with a pattern of

displacement similar to that described above: both the ®113}
®80 and ®107}®88 oligonucleotides displaced the binding

and, as expected, these later complexes were also displaced by a

molar excess of the unlabelled E-box oligonucleotide, but not by

the unrelated one (Figure 2, lanes 9–12).

To confirm that USF1 is a component of the observed

complexes, we performed supershift assays by incubation of

probe ®107}®88 and USF1 antibodies with nuclear extracts

derived from HeLa cells, U87 glioblastoma cells, HepG2 hepa-

toma cells, rat brain or rat liver (Figure 3A). The two complexes

observed in the absence of antibodies for all the three extracts
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Figure 2 Interaction of nuclear extracts of HeLa cells with w107/w88 fragment of APOE promoter and with E-box consensus oligonucleotide

EMSAs were performed with 1 ng of double-stranded 32P-labelled probe (®113/®80 APOE DNA fragment, or E-box consensus oligonucleotide) incubated with 500 ng of HeLa nuclear extracts

in the absence (lane 2 and lane 8) or the presence of a 100 M excess of the indicated unlabelled competitor oligonucleotides. These oligonucleotides correspond to the consensus sequence for

USF binding, or to the regions ®113/®80, ®107/®88 and ®163/®124 of the APOE gene promoter (lanes 3–6 and 9–12). Lanes 1 and 7 correspond to the probes in the absence of

nuclear extracts. Note that formation of Complex 1/2 was prevented by excess of oligonucleotides covering the URE3 region of APOE gene as well as by the E-box consensus oligonucleotide.

The nature of the higher-mobility bands (arrowheads) is uncertain (see the text).

(lanes 1, 3, 5, 7 and 10, complexes 1}2) disappeared and, instead,

new complexes were now evident (lanes 2, 4, 6, complex 3). The

smeared appearance of these bands probably reflects the presence

in the retarded complexes of both homo- and hetero-dimers

containing USF1 that would bind different amounts of antibody.

These supershifted complexes were not observed in the presence

of an unrelated control antibody (Figure 3A, lanes 9 and 12). The

band pattern observed with the APOE probe was identical with

that observed using the E-box consensus sequence as a probe and

nuclear extracts of HeLa, HepG2 or U87 cell lines (Figure 3B).

Within this region, the sequence −"!"CACCTCGTGAC−*"

presents a single mismatch when compared with the USF binding

sequence in the adenovirus major late promoter CACGTGAC.

Alternatively, this APOE sequence can be view as identical with

the consensus with the insertion of the nucleotides CTC between

the CAC and GTG sequences of the consensus E-box.

Delineation of nucleotide sequences required for USF binding

To determine more precisely the nucleotide sequence required for

binding of USF1 to the APOE promoter we tested the binding

ability of cerebellar nuclear extracts to a series of mutant

oligonucleotides derived from the ®107}®88 sequence, as indi-

cated in Figure 4. Mutation of −"!"CAC−** to AAA (mutant 1,

lane 2) decreased considerably the binding of USF to the

probe. Mutation of −*)CTC−*' to GTG did not affect the binding

(mutant 2, lane 3), probably because this mutation created a new

adjacent consensus E-box, and a mutation of this triplet
−*)CTC−*' to TTT precluded the binding (mutant 3, lane 4).

Binding was also impaired by mutation in 3« end of this core

sequence: mutants 4 and 5 (lanes 5 and 6). Together, these results

indicate that USF binds to this atypical E-box located in the

®101}®91 region of the APOE promoter.
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Figure 3 Supershift EMSAs of USF binding

Either double-stranded 32P-labelled ®107/®88 probe (A) or USF consensus (B) was incubated with nuclear extracts (500 ng) derived from HeLa cells, HepG2 cells, U87 cells, rat brain or rat

liver, as indicated in the Figure, in the absence or the presence of antibodies (Ab) against USF. The specific complexes formed in the absence of antibody (lanes 1, 3, 5, 7 and 10, complex 1/2)

disappeared in the presence of the antibody, and instead a supershifted smeared complex appeared (lanes 2, 4, 6, 8 and 11, complex 3). Where indicated, unrelated control antibody was included

during the incubation (lanes 9 and 12).

Role of the E-box-like element and USF1 on the APOE promoter
function

To analyse the functional role of the atypical E-box and that of

USF1 on the APOE promoter, several APOE promoter–

luciferase constructs were prepared and transiently transfected

either in U87 human astrocytoma, or in HepG2 human hepatoma

cells. Along with the test constructions, each plate was co-

transfectedwith aβ-galactosidase expression vector, which served

as an internal reference for efficiency of transfection. Luciferase

and β-galactosidase activities were determined 48 h later and the

relative luciferase activity was calculated as the ratio between

luciferase and β-galactosidase activities. Mutations of the

identifiedE-box in the context of a®189}1-luciferase construct

reduced the basal activity of the promoter by 40 and 50% in U87

and HepG2 respectively, as compared with the controls. These

results indicate a role of the atypical E-box in the regulation of

APOE in these cell types. When an expression vector for USF1

was co-transfected with different APOE constructs (Figure 5B)

we observed an increase of 5.9-fold over the control value in the

context of the ®189}1-luciferase construct. The stimulation

was decreased to 2.7-, 2.2-, and 1.3-fold in constructs where the

E-box was absent (®70}1, ®60}1 and ®40}1-luciferase

plasmids respectively). In the construct ®189}1m(E-box)-

Luc, where only the E-box had been eliminated, overexpression

of USF1 in U87 still increased the activity of the promoter 3.6-

fold (Figure 6A), indicating that most of the effect of the

overexpressed USF1 was independent of binding to the E-box-

like motif. These effects of USF1 were cell-type-specific, as

overexpression of USF1 in HepG2 cells did not increase the

activity of the promoter (Figure 6B).

To clarify the role of USF and that of the atypical E-box on

the activity of the APOE promoter, we used a dominant-negative

(DN) form of USF1 (DN-USF). This mutant lacking the DNA-

binding domain can dimerize with native USF and blocks its

activity [41]. Overexpression of DN-USF in U87 cells decreased

the luciferase activity of the ®189}1-Luc construct by to 61%

of the control (black bars in Figure 6A). Instead, when the

transfection was performed with the construct mutated in

the E-box [®189}1m(E-box)-Luc] (white bars in Figure 6A),

the overexpression of DN-USF produced a slight increase in

luciferase activity. These results indicate that the endogenous

USF1 regulates the activity of the promoter through the E-box-

like motif. These effects were again cell-type-specific, as the DN

form of USF1 did not affect the promoter activity in HepG2 cells

(Figure 6B).
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Figure 4 Mutational analysis of USF binding to the w107/w88 region of
the APOE promoter

EMSAs were performed by incubation of 1 ng of the indicated 32P-labelled DNA fragments with

500 ng of HeLa nuclear extract. Sequences of the ®107/®88 probe and mutations introduced

are shown. The sequence of the non-canonical E-box is underlined and shown in bold.

DISCUSSION

In the present study we have identified the sequence

CACCTCGTGAC, spanning nucleotides ®91 to ®101 of the

APOE gene, as a functional promoter element in several cell

types. This sequence is located within the formerly defined URE3

region of the promoter [34–37], and presents similarities to the

consensus E-box element CACGTG located in a number of

genes [43]. Indeed, by using the yeast one-hybrid genetic-selection

approach to screen a human brain cDNA library for sequences

encoding DNA-binding proteins that can recognize the URE3

region of the APOE gene, we isolated a human cDNA that

encodes for the transcription factor USF. EMSA studies con-

firmed the binding to the above-mentioned core sequence of USF

present in nuclear extracts derived from diverse human cell lines

as well as from rat brain and liver. Mutations within this core

sequence suppressed USF binding. USF is a member of the

bHLH family of transcription factors that binds DNA in �i�o as

homo- or hetero-dimers of USF-1 and USF-2 to the E-box

element [43]. In addition to the consensus E-box, USF proteins

bind to other related sequences, including CGCGTG [28],

CCCGTG [27], CAGCTG [44], CACCTG [30], CACATG [33],

or CAGATG [45], all of them differing from the core CTCGTG

that we have found in the APOE promoter. Our functional data

indicate that mutations in this sequence of the APOE gene

decrease the basal activity of the promoter in all the cell types

Figure 5 Role of the E-box-like element and USF on the APOE promoter
activity

(A) U87 or HepG2 cells were transiently transfected with the wild-type ®189/1-luciferase

construct (black bars) or with a ®189/1-luciferase construct mutated in the E-box-like

element (95GCG93 mutated to AAA) (white bars) and a β-galactosidase expression vector.

Luciferase activity was determined 48 h later and normalized for transfection efficiency as

measured by β-galactosidase activity assay. Normalized luciferase activity is presented as a

percentage of the promoter activity of the wild-type construct. (B) U87 cells were transiently

transfected with the indicated APOE promoter-luciferase constructs, aβ-galactosidase expression

vector and the empty pN3 vector (black bars) or the USF expression vector pN3-USF (white

bars). Luciferase activity was determined 48 h later and normalized to β-galactosidase activity.

For each construct the results are relative to values measured in pN3-transfected cells. Values

represent means³S.E.M. for four separate experiments each performed in triplicate. *P ! 0.05.

assayed. However, in spite of the presence of a capacity of USF

to bind to the APOE promoter in all the nuclear extracts assayed

in the present study, our functional data indicate that the effect

of USF is cell-type-specific. Thus a DN form of USF that

dimerizes with native USF, precluding binding to DNA [41],

decreased the basal activity of the promoter in U87 astrocytoma

cells, but not in hepatoma HepG2 cells. These data suggest that,

in HepG2 cells, a transcription factor other than USF must bind

to the atypical E-box. Indeed, many other transcription factors

of the bHLH family bind to E-box-like elements, including

c-Myc, Max, TFE3, TFEB, or SREBP1 [43]. Previous studies

indicate that other proteins might bind to this region of the

promoter. Jo et al. [20] purified a 67 kDa URE3-binding protein

from human placenta with affinity for the ®101 to ®89 region.

The protein was not further characterized, but its molecular mass

is clearly higher than that of USF. This region of the promoter

is also partially overlapping the binding site for the transcriptional
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Figure 6 Effect of USF and a dominant negative mutant of USF on the
APOE promoter activity in U87 and HepG2 cells

U87 cells (A) or HepG2 cells (B) were transiently transfected with the wild-type ®189/1-

luciferase construct (black bars) or with the E-box-mutated 189/1 construct (white bars), a

β-galactosidase expression vector and the empty pN3 vector (pN3) or the USF expression

vector pN3-USF (pN3-USF) or the DN expression vector pN3-DN-USF (pN3-DN-USF).

Luciferase activity was determined 48 h later and normalized to β-galactosidase activity. For

each construct the results are relative to values measured in cells transfected with the wild-type

®189/1-luc construct and empty pN3. Values represent means³S.E.M. for four separate

experiments each performed in triplicate. *P ! 0.05.

repressor BEF-1, a protein that binds to the ®94 to ®84

sequence in HepG2 cells that could mediate the regulation of the

APOE gene by cytokines [46].

Although USF is a ubiquitous factor, it has been involved in

the transcription of genes with tissue specificity. Thus it is

conceivable that USF could regulate the APOE gene in astro-

cytoma cells either by heterodimerizing with other glioma-

specific factors, or by being incorporated into a complex of

transcription factors including co-activators, whose stereospecific

assembly allows cell-restricted gene regulation, as has been

proposed by Qyang et al. [47]. In this context, it has recently

been shown that the glial-specific expression of ApoE is governed

by two distal enhancer sequences, named ME-1 and ME-2, that

are located 3.3 and 15 kb respectively downstream of the APOE

gene [48]. It is noteworthy that, within this enhancer, there is a

perfect consensus E-box sequence. Although the functionality of

this sequence remains to be determined, it is reminiscent of that

reported for the APOCII gene, where USF bound to the proximal

promoter interacts with a second USF bound to a distal enhancer

to promote transcription of this gene in a synergistic manner

[49].

Exogenous overexpression of USF also increases the level of

transcription from the APOE promoter in a cell-specific manner,

being observed only in U87 cells, but not in HepG2 cells.

Nevertheless, much of the effect of overexpressed USF was

independent of binding to the atypical E-box and mapped

upstream of nucleotide ®40. USF has been shown to bind to the

pyrimidine initiator sequence (‘Inr ’) in a number of genes [50].

This is a quite loose sequence that would be compatible with the

pyrimidine-rich sequence found in region ®80 to ®60 of

the APOE promoter.

ApoE plays a crucial role in many physiological processes,

including cholesterol transport in the peripheral circulation and

in the central nervous system. ApoE is also involved in the

response to neural injury, maintenance of dendritic arborizations

and neuronal remodelling in �itro, as well as in Alzheimer’s

disease (AD) (see [1] for a review). The recent association of

different polymorphisms in the promoter region with AD [20,21]

strongly suggests that transcriptional regulation may play an

important role in the development of this deleterious disease [18].

Thus identification and characterization of the transcriptional

machinery involved in the regulation of ApoE may be relevant

for the development of a rational pharmacology of AD.
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from the Fundacio! n Ramo! n Areces.

REFERENCES

1 Mahley, R. W. and Stanley, Jr, C. R. (2000) Apolipoprotein E : far more than a lipid

transport protein. Annu. Rev. Genomics Hum. Genet. 1, 507–537

2 Rall, Jr, S. C., Weisgraber, K. H. and Mahley, R. W. (1982) Human apolipoprotein E.

The complete amino acid sequence. J. Biol. Chem. 257, 4171–4178

3 Zannis, V. I. and Breslow, J. L. (1981) Human very low density lipoprotein

apolipoprotein E isoprotein polymorphism is explained by genetic variation and

posttranslational modification. Biochemistry 20, 1033–1041

4 Sing, C. F. and Davignon, J. (1985) Role of the apolipoprotein E polymorphism in

determining normal plasma lipid and lipoprotein variation. Am. J. Hum. Genet. 37,
268–285

5 Mu$ ller, H. W., Gebicke-Harter, P. J., Hangen, D. H. and Shooter, E. M. (1985)

A specific 37,000-Dalton protein that accumulates in regenerating but not in

nonregenerating mammalian nerves. Science 228, 499–501

6 Ignatius, M. J., Gebicke-Harter, P. J., Skene, J. H. P., Schilling, J. W., Weisgraber,

K. H., Mahley, R. W. and Shooter, E. M. (1986) Expression of apolipoprotein E during

nerve degeneration and regeneration. Proc. Natl. Acad. Sci. U.S.A. 83, 1125–1129

7 Masliah, E., Samuel, W., Veinbergs, I., Mallory, M., Mante, M. and Saito, T. (1997)

Neurodegeneration and cognitive impairment in apoE-deficient mice is ameliorated by

infusion of recombinant apoE. Brain Res. 751, 307–314

8 Buttini, M., Orth, M., Bellosta, S., Akeefe, H., Pitas, R. E., Wyss-Coray, T., Mucke, L.

and Mahley, R. W. (1999) Expression of human apolipoprotein E3 or E4 in the brains

of Apoe−/− mice : isoform-specific effects on neurodegeneration. J. Neurosci. 19,
4867–4880

9 Strittmatter, W. J., Saunders, A. M., Schmechel, D., Pericak-Vance, M., Enghild, J.,

Salvesen, G. S. and Roses, A. D. (1993) Apolipoprotein E : high avidity binding to

β-amyloid and increased frequency of type 4 allele in late-onset familial Alzheimer’s

disease. Proc. Natl. Acad. Sci. U.S.A. 90, 1977–1981

10 Corder, E. H., Saunders, A. M., Strittmatter, W. J., Schmechel, D., Gaskell, P. C.,

Samll, G. W., Roses, A. D., Haines, J. L. and Pericak-Vance, M. A. (1993) Gene dose

of apolipoprotein E type 4 allele and the risk of Alzheimer’s disease in late onset

families. Science 261, 921–923

11 Nicoll, J. A., Burnett, C., Love, S., Graham, D. I., Ironside, J. W. and Vinters, H. V.

(1996) High frequency of apolipoprotein E epsilon 2 in patients with cerebral

hemorrhage due to cerebral amyloid angiopathy. Ann. Neurol. 39, 682–683

12 Teasdale, G. M., Nicoll, J. A., Murray, G. and Fiddes, M. (1997) Association of

apolipoprotein E polymorphism with outcome after head injury. Lancet 350,
1069–1071

13 Slooter, A. J., Tang, M. X., van Duijin, C. M., Stern, Y., Ott, A., Bell, K., Breteler,

M. M., van Broekhoven, C., Tatemichi, T. K., Tycko, B. et al. (1997) Apolipoprotein E

epsilon4 and the risk of dementia with stroke. A population-based investigation.

JAMA, J. Am. Med. Assoc. 277, 818–821

# 2003 Biochemical Society



986 E. Salero, C. Gime! nez and F. Zafra

14 Boyles, J. K., Pitas, R. E., Wilson, E., Mahley, R. W. and Taylor, J. M. (1985) A role

for apolipoprotein E, apolipoprotein A-I, and low density lipoprotein receptors in

cholesterol transport during regeneration and remyelination of the rat sciatic nerve.

J. Clin. Invest. 76, 1501–1513

15 Xu, P. T., Gilbert, J. R., Qiu, H. L., Rothrock-Christian, T., Settles, D. L., Roses, A. D.

and Schmechel, D. E. (1998) Regionally specific neuronal expression of human APOE
gene in transgenic mice. Neurosci. Lett. 246, 65–68

16 Page, K. J., Hollister, R. D. and Hyman, B. T. (1998) Dissociation of apolipoprotein

and apolipoprotein receptor response to lesion in the rat brain : an in situ
hybridization study. Neuroscience 85, 1161–1171

17 Merril, J. E. and Benveniste, E. N. (1996) Cytokines in inflammatory brain lesions :

helpful and harmful. Trends Neurosci. 19, 331–338

18 Paik, Y. K., Chang, D. J., Reardon, C. A., Walker, M. D., Taxman, E. and Taylor, J. M.

(1988) Identification and characterization of transcriptional regulatory regions

associated with expression of the human apolipoprotein E gene. J. Biol. Chem. 263,
13340–13349

19 Chang, D. J., Paik, Y. K., Leren, T. P., Walker, D. W., Howlett, G. J. and Taylor, J. M.

(1990) Characterization of a human apolipoprotein E gene enhancer element and its

associated protein factors. J. Biol. Chem. 265, 9496–9504

20 Jo, D. W., Leren, T. P., Yang, Z. Y., Chung, Y. H., Taylor, J. M. and Paik, Y. K.

(1995) Characterization of an upstream regulatory element of the human

apolipoprotein E gene, and purification of its binding protein from the human

placenta. J. Biochem. (Tokyo) 117, 915–922

21 Theuns, J. and van Broeckhoven, C. (2000) Transcriptional regulation of Alzheimer’s

disease genes : implications for susceptibility. Hum. Mol. Genet. 9, 2383–2394

22 Lambert, J. C., Pasquier, F., Cottel, D., Frigard, B., Amouyel, P. and Chartier-Harlin,

M. C. (1998) A new polymorphism in the APOE promoter associated with risk of

developing Alzheimer’s disease. Hum. Mol. Genet. 7, 533–540

23 Bullido, M. J., Artiga, M. J., Recuero, M., Sastre, I., Garcı!a, M. A., Aldudo, J.,

Lendon, C., Han, S. W., Morris, J. C., Va! zquez, J. et al. (1998) A polymorphism

in the regulatory region of APOE associated with risk for Alzheimer’s dementia.

Nat. Genet. 18, 69–71

24 Lambert, J. C., Araria-Goumidi, L., Myllykangas, L., Ellis, C., Wang, J. C., Bullido,

M. J., Harris, J. M., Artiga, M. J., Herna! ndez, D., Kwon, J. M. et al. (2002)

Contribution of APOE promoter polymorphisms to Alzheimer’s disease risk. Neurology

9, 59–66

25 Garcı!a, M. A., Va! zquez, J., Gime! nez, C., Valdivieso, F. and Zafra, F. (1996)

Transcription factor AP-2 regulates human apolipoprotein E gene expression in

astrocytoma cells. J. Neurosci. 16, 7550–7556

26 Salero, E., Pe! rez-Sen, R., Aruga, J., Gime! nez, C. and Zafra, F. (2001) Transcription

factors Zic1 and Zic2 bind and transactivate the apolipoprotein E gene promoter.

J. Biol. Chem. 276, 1881–1888

27 Carthew, R. W., Chodosh, L. A. and Sharp, P. A. (1985) An RNA polymerase II

transcription factor binds to an upstream element in the adenovirus major late

promoter. Cell 43, 439–448

28 Sawadogo, M. and Roeder, R. G. (1985) Interaction of a gene-specific transcription

factor with the adenovirus major late promoter upstream of the TATA box region. Cell

43, 165–175

29 Sirito, M., Walker, S., Lin, Q., Kozlowski, M. T., Klein, W. H. and Sawadogo, M.

(1992) Members of the USF family of helix–loop–helix proteins bind DNA as homo-

as well as heterodimers. Gene Expression 2, 231–240

30 Luscher, B. and Larsson, L. G. (1999) The basic region/helix–loop–helix/leucine

zipper domain of Myc proto-oncoproteins : function and regulation. Oncogene 18,
2955–2966

31 Chodosh, L. A., Carthew, R. W., Morgan, J. G. and Sharp, P. A. (1987) The

adenovirus major late transcription factor activates the rat γ-fibrinogen promoter.

Science 238, 684–688

Received 19 July 2002/15 November 2002 ; accepted 25 November 2002

Published as BJ Immediate Publication 25 November 2002, DOI 10.1042/BJ20021142

32 Carthew, R. W., Chodosh, L. A. and Sharp, P. A. (1987) The major late transcription

factor binds to and activates the mouse metallothionein I promoter. Genes Dev. 1,
973–980

33 Outram, S. V. and Owen, M. J. (1994) The helix–loop–helix containing transcription

factor USF activates the promoter of the CD2 gene. J. Biol. Chem. 269,
26525–26530

34 Bresnick, E. H. and Felsenfeld, G. (1993) Evidence that the transcription factor USF

is a component of the human β-globin locus control region heteromeric protein

complex. J. Biol. Chem. 268, 18824–18834

35 Hoffman, P. W. and Chernak, J. M. (1995) DNA binding and regulatory effects of

transcription factors SP1 and USF at the rat amyloid precursor protein gene

promoter. Nucleic Acids Res. 23, 2229–2235

36 Lefrancois-Martinez, A. M., Martinez, A., Antione, B., Raymondjean, M. and Kahn, A.

(1995) Upstream stimulatory factor proteins are major components of the glucose

response complex of the L-type pyruvate kinase gene promoter. J. Biol. Chem. 270,
2640–2643

37 Wang, D. and Sul, H. S. (1997) Upstream stimulatory factor binding to the E-box at

®65 is required for insulin regulation of the fatty acid synthase promoter. J. Biol.

Chem. 272, 26367–26374

38 Smith, J. D., Melian, A., Leff, T. and Breslow, J. L. (1988) Expression of the human

apolipoprotein E gene is regulated by multiple positive and negative elements. J. Biol.

Chem. 263, 8300–8308

39 Liaw, G. J. (1994) Improved protocol for directional multimerization of a DNA

fragment. Biotechniques 17, 668–670

40 Nordeen, S. K. (1988) Luciferase reporter gene vector for analysis of promoters and

enhancers. Biotechniques 6, 454–457

41 Higuchi, R. (1990) Recombinant PCR. In PCR Protocols (Innis, M. A., Gelfand, D. H.,

Sninsky, J. J. and White, T. J., eds.), pp. 177–183, Academic Press, New York

42 Luo, X. and Sawadogo, M. (1996) Antiproliferative properties of the USF family of

helix–loop–helix transcription factors. Proc. Natl. Acad. Sci. U.S.A. 93, 1308–1313

43 Atchley, W. R. and Fitch, W. M. (1997) A natural classification of the basic

helix–loop–helix class of transcription factors. Proc. Natl. Acad. Sci. U.S.A. 94,
5172–5176

44 Lanigan, T. M. and Russo, A. F. (1997) Binding of upstream stimulatory factor and

a cell-specific activator to the calcitonin/calcitonin gene-related peptide enhancer.

J. Biol. Chem. 272, 18316–18324

45 Pan, L., Black, T. A., Shi, Q., Jones, C. A., Petrovic, N., Loudon, J., Kane, C.,

Sigmund, C. D. and Gross, K. W. (2001) Critical roles of a cyclic AMP responsive

element and an E-box in regulation of mouse renin gene expression. J. Biol. Chem.

276, 45530–45538

46 Berg, D. T., Calnek, D. S. and Grinnell, B. W. (1995) The human apolipoprotein E

gene is negatively regulated in human liver HepG2 cells by the transcription factor

BEF-1. J. Biol. Chem. 270, 15447–15450

47 Qyang, Y., Luo, X., Lu, T., Ismail, P. M., Krylov, D., Vinson, C. and Sawadogo, M.

(1999) Cell-type-dependent activity of the ubiquitous transcription factor USF in

cellular proliferation and transcriptional activation. Mol. Cell. Biol. 19, 1508–1517

48 Grehan, S., Tse, E. and Taylor, J. M. (2001) Two distal downstream enhancers

direct expression of the human apolipoprotein E gene to astrocytes in the brain.

J. Neurosci. 21, 812–822

49 Ribeiro, A., Pastier, D., Kardassis, D., Chambaz, J. and Cardot, P. (1999) Cooperative

binding of upstream stimulatory factor and hepatic nuclear factor 4 drives the

transcription of the human apolipoprotein A-II gene. J. Biol. Chem. 274, 1216–1225

50 Du, H., Roy, A. L. and Roeder, R. G. (1993) Human transcription factor USF

stimulates transcription through the initiator elements of the HIV-1 and the Ad-ML

promoters. EMBO J. 12, 501–511

# 2003 Biochemical Society


