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Sp1 and Smad transcription factors co-operate to mediate TGF-β-dependent
activation of amyloid-β precursor protein gene transcription
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Abnormal deposition of Aβ (amyloid-β peptide) is one of the
hallmarks of AD (Alzheimer’s disease). This peptide results from
the processing and cleavage of its precursor protein, APP (amy-
loid-β precursor protein). We have demonstrated previously that
TGF-β (transforming growth factor-β), which is overexpressed
in AD patients, is capable of enhancing the synthesis of APP by
astrocytes by a transcriptional mechanism leading to the accu-
mulation of Aβ. In the present study, we aimed at further char-
acterization of the molecular mechanisms sustaining this TGF-
β-dependent transcriptional activity. We report the following
findings: first, TGF-β is capable of inducing the transcriptional
activity of a reporter gene construct corresponding to the + 54/
+ 74 region of the APP promoter, named APPTRE (APP TGF-β-
responsive element); secondly, although this effect is mediated
by a transduction pathway involving Smad3 (signalling mother

against decapentaplegic peptide 3) and Smad4, Smad2 or other
Smads failed to induce the activity of APPTRE. We also observed
that the APPTRE sequence not only responds to the Smad3 tran-
scription factor, but also the Sp1 (signal protein 1) transcription
factor co-operates with Smads to potentiate the TGF-β-dependent
activation of APP. TGF-β signalling induces the formation of
nuclear complexes composed of Sp1, Smad3 and Smad4. Overall,
the present study gives new insights for a better understanding
of the fine molecular mechanisms occurring at the transcriptional
level and regulating TGF-β-dependent transcription. In the con-
text of AD, our results provide additional evidence for a key role
for TGF-β in the regulation of Aβ production.
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INTRODUCTION

AD (Alzheimer’s disease) is a neurodegenerative disease asso-
ciated with progressive memory loss and leading to dementia.
Two histological characteristics are observed in AD patients
after autopsy: extracellular plaques and intracellular tangles. Fila-
mentous tangles are composed of paired helical filaments com-
posed of neurofilament and hyperphosphorylated tau protein,
named microtubule-associated protein. Extracellular plaques are
mostly composed of the Aβ (amyloid-β peptide), a peptide
derived from the APP (amyloid-β precursor protein). In addition
to genetic influences, environmental factors such as cytokines
may play important roles in the development and progression of
AD and thus explain late-onset/sporadic AD. Several cytokines
have been associated with AD progression, such as interleukin-1,
interleukin-6, tumour necrosis factor-α and TGF-β (transforming
growth factor-β) [1–6].

APP is a protein that is present in three major isoforms in the
brain, called APP695, APP751 and APP770 based on their number of
amino acid residues. The proteolytic activity of three proteases,
denoted as α, β and γ secretases, lead to the production of several
APP cleavage products, including Aβ.

In a previous study, we have demonstrated that TGF-β1, a cyto-
kine overexpressed in the brain of AD patients [5,7], induced
APP synthesis in vivo and in vitro and promoted Aβ formation
by a transcriptional mechanism involving the Smad3 (signalling
mother against decapentaplegic peptide 3) signalling pathway in

astrocytes [8]. Accordingly, other groups have reported an over-
expression of mRNA for the APP751 and APP770 isoforms of
APP by TGF-β in cultured astrocytes [9,10]. In addition, we
have observed that the TGF-β-transcriptional activity involved
the activation of a TGF-β-responsive element at the position + 54/
+ 74 of APP promoter. Moreover, it was reported that the over-
expression of TGF-β1 in the brain parenchyma was sufficient
to induce Aβ deposition in cerebral blood vessels and meninges
of aged mice [6]. Finally, as demonstrated in aged mice overex-
pressing human APP and TGF-β1, it was suggested that TGF-β1
could increase Aβ deposits by activating perivascular astrocytes,
but could also reduce Aβ deposition in brain parenchyma by
activating microglia [11].

However, the mechanisms sustaining these effects of TGF-β
need to be investigated further. TGF-βs belong to a family of pep-
tides that play pivotal roles in intercellular communication [12].
TGF-β1 is the prototype of three different isoforms (TGF-β1,
-β2 and -β3) in mammalian species that transduce their biological
signal through the activation of a set of serine–threonine kinase
receptors (TβR-I and TβR-II) [13]. Subsequent activation of
the Smad transcription factor cascade regulates the transcription
of TGF-β target genes [14]. Smads are the only substrate and
signalling transducers of the activated TGF-β-receptors known
so far. Nevertheless, the positive and negative changes in the gene
expression induced by TGF-β signalling cannot occur with the
Smad proteins only. Thus Smad-dependent regulation of gene
transcription is modulated by the interaction with transcriptional

Abbreviations used: AD, Alzheimer’s disease; APP, amyloid-β precursor protein; APPTRE, APP TGF-β-responsive element; Aβ, amyloid-β peptide; EMSA,

electrophoretic mobility-shift assay; MLP, major late promoter; Mv1Lu, mink lung epithelial cells; PAI-1, plasminogen activator inhibitor-1; Smad, signalling

mother against decapentaplegic peptide; Sp1, signal protein 1; TGF-β, transforming growth factor-β; UTR, untranslated region.
1 These authors have contributed equally to this work.
2 To whom correspondence should be addressed. Present address: Laboratorio de Neuroinmunologı́a, Instituto Ramón y Cajal, CSIC, Avd Dr Arce 37,

28005 Madrid, Spain (email docagne@cajal.csic.es).

c© 2004 Biochemical Society



394 F. Docagne and others

co-activators or co-repressors [13]. Briefly, ubiquitous or cell-
specific transcription factors are capable of modulating the trans-
criptional responses driven by the Smad complexes.

In the present study, we have further investigated the mech-
anisms by which TGF-β could influence the transcriptional activ-
ity of APP promoter and thus participate in the AD progression.

EXPERIMENTAL

Cell transfection

Mv1Lu (mink lung epithelial cells) were transiently transfected
with the indicated constructs using the Transfast® Transfection
Reagent (Promega, Charbonnières, France) according to the
manufacturer’s instructions.

Reporter gene assay

Cells were treated, 24 h after transfection, and luciferase activities
(firefly luciferase and Renilla luciferase) were evaluated after
1 day using the Dual Luciferase® Reporter Assay System
(Promega). Values were normalized to the Renilla luciferase
activity (Promega). The Dual-Luciferase® Reporter Assay System
refers to the simultaneous expression and measurement of two
individual reporter enzymes within a single system. Typically, the
‘experimental’ reporter (firefly luciferase) is correlated with
the effect of specific experimental conditions (e.g. TGF-β1
treatment), whereas the activity of the co-transfected ‘control’
(Renilla luciferase) reporter provides an internal control, which
serves as the baseline of the response. Indeed, the pRL-TK
control vector contains the herpes simplex virus thymidine kinase
promoter region upstream of Renilla luciferase. It provides low
level and constitutive expression in transfected cells. Normalizing
the activity of the experimental reporter to the activity of the
internal control minimizes experimental variability caused by
differences in cell toxicity and transfection efficiency, and enables
the anti-proliferative effect of TGF-β to be taken into account.

APP promoter constructs

pGL3-APPTRE-Luc constructs (where APPTRE is APP TGF-β-
responsive element) were prepared on the pGL3-basic vector
(Promega) containing a major late promoter sequence (pGL3-
MLP) [15]. Wild-type or mutated luciferase reporter vectors
corresponding to the + 54/+ 74 of Rhesus monkey APP promoter
were obtained by inserting into pGL3-MLP a double-stranded
oligonucleotide corresponding to the respective sequences (see
Figure 3A) and flanked by two XhoI restriction sites.

Decoy oligonucleotide assays

Decoy double-stranded oligonucleotides were transfected to
Mv1Lu cells in an attempt to interfere with the binding of
TGF-β-activated transcription factors to their cis-acting elements
within the APPTRE sequence. The sequences of the decoy oligo-
nucleotides used are presented in Figure 4(A). These oligonu-
cleotides were co-transfected in the Mv1Lu cells together with
the reporter constructs. After incubation for 24 h, cell lysates
were prepared and assayed for dual-luciferase assay.

Nuclear extracts

Nuclear extracts were prepared from control and TGF-β1-treated
Mv1Lu cells (1 ng/ml). Cells were harvested for 30 min after
treatment and processed as described previously [15].

Western-blot analyses

Cells were harvested in a lysis solution containing 50 mM Tris/
HCl (pH 7.6), 1 % Nonidet P40 (Sigma), 150 mM NaCl, 2 mM
EDTA with 100 µM PMSF in the presence of a protease inhibitor
mixture (Sigma). Electrophoreses were performed on 8 % SDS/
polyacrylamide Tris/glycine gels. Gels were transferred on to
a PVDF membrane (PolyScreen®; PerkinElmer Life Sciences,
Great Shelford, Cambridge, U.K.); the membranes were blocked
in non-fat milk and probed with an appropriate antiserum. Blots
were finally developed with an enhanced chemiluminescence
Western-blotting detection system (PerkinElmer Life Sciences).

Immunoprecipitation

Mv1Lu cells were solubilized in lysis buffer (20 mM Tris/HCl,
pH 7.4, 150 mM NaCl and 0.5 % Triton X-100) in the presence
of protease inhibitors at 4 ◦C for 30 min. Insoluble debris was
removed by microcentrifugation at 11 000 g for 5 min. Proteins
were immunoprecipitated by incubation in the presence of specific
antibodies for 1 h at 4 ◦C, followed by adsorption on Protein
G–Sepharose (Amersham Biosciences), and subjected to further
Western-blot analyses.

EMSA (electrophoretic mobility-shift assay)

Oligonucleotides were end-labelled with [α-32P]dCTP using the
Klenow fragment of DNA polymerase. Binding reactions, using
10 µg of nuclear extracts and 2 ng of labelled oligonucleotides,
were performed for 20 min at 37 ◦C in an appropriate binding
buffer [15]. The sequence of the double-stranded oligonucleotide
used as a probe was 5′-CCCGGGAGACGGCGGCGGTGG-3′.
Protein–DNA complexes were resolved on 5 % (w/v) poly-
acrylamide gels containing 0.5 × TBE (Tris/borate/EDTA). For
antibody interference assays, 1 µl of anti-Sp1 (where Sp1 stands
for signal protein 1), anti-Smad3 or anti-smad4 antibodies (Santa
Cruz Biotechnology, Heidelberg, Germany) were added to each
reaction mixture for 120 min at room temperature (20 ◦C), then
for 15 min at 4 ◦C. The oligonucleotide probe was finally added
to the binding reaction and further incubated for 15 min at room
temperature, before resolution on polyacrylamide gels.

Statistical analysis

Results are expressed as means +− S.D. Statistical analyses were
performed with StatView (Abacus, Berkeley, CA, U.S.A.) by one-
way ANOVA followed by the Bonferroni–Dunn test.

RESULTS

The Smad3-dependent TGF-β signalling pathway
activates the APPTRE

We identified previously a highly conserved region of the
APP promoter, common to human, Rhesus monkey, mouse and
rat, located between base numbers + 56 and + 71 of the 5′-
UTR (where UTR stands for untranslated region) as a TGF-
β-responsive element [8]. To investigate further the molecular
mechanisms controlling the transcription of APP under TGF-β
exposure, we have generated a luciferase reporter gene construct
by inserting the + 54/+ 74 region of the Rhesus monkey APP
promoter on the pGL3-basic luciferase reporter containing an
MLP sequence. When transfected in the Mv1Lu, characterized
previously as a TGF-β-responsive cell line, this reporter construct
is highly activated after TGF-β treatment (Figure 1A), as was
shown previously in cultured astrocytes [8] These observations
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Figure 1 TGF-β induces transcriptional activation of the + 54/ + 74 region
of the APP promoter via TGF-β receptor activation and the Smad3-dependent
transduction pathway

(A) Means +
− S.E.M. of the luciferase activity of Mv1Lu cell line transiently transfected with a

luciferase reporter construct containing five copies of the + 54/ + 74 sequence of the APP
promoter inserted 5′ of the pGL3-Basic luciferase reporter vector containing the MLP sequence
(APPTREMLP-luc). For each condition, transfected cells were treated with (black bars) or without
(open bars) 1 ng/ml TGF-β1 for 24 h (n = 12). (B) Means +

− S.E.M. of the luciferase activity
of Mv1Lu cell line transiently co-transfected with the APPTREMLP-Luc and with expression
vectors encoding autoactivated versions of receptors of the TGF-β family (black bars) or
with the corresponding empty vector pCMV5 (open bar) (n = 12). (C) Means +

− S.E.M. of
the luciferase activity of Mv1Lu cell line transiently co-transfected with the APPTREMLP-Luc
and with expression vectors encoding Smad transcription factors (black bars) or with the
corresponding empty vector pcDNA3 (open bar) (n = 12). (A–C) *P < 0.01, ANOVA followed
by the Bonferroni–Dunn test.

allowed us to term this + 54/+ 74 sequence of the APP promoter
as APPTRE.

To characterize further the transduction pathway involved in the
activation of APPTRE by TGF-β, we have transiently transfected
Mv1Lu cells with expression vectors encoding constitutively
activated versions of receptors for members of the TGF-β family
(Alks). Expression of either Alk4 or Alk5, both related to TGF-β
signalling, led to enhanced activity of the co-transfected APPTRE

luciferase reporter vector (Figure 1B), whereas the other Alks,
related to bone morphogenetic protein signalling, failed to modify
the activity of this reporter construct. These results showed
that the transcriptional activity of APPTRE is restricted to TGF-β1
and potentially Activin, among the TGF-β-related peptides.

TGF-β is known to transduce intracellularly its signal through
activation of members of the Smad family of transcription factors.
To investigate the role of these factors in the activation of APPTRE

by TGF-β, we have transiently transfected Mv1Lu cells with ex-
pression vectors encoding different members of the Smad family.
Among the different factors, only Smad3, known as an intra-
cellular mediator of TGF-β signalling and, with a lower ampli-

Figure 2 Mutations of the APPTRE block the transcriptional activation of
APPTRE by TGF-β

(A) Sequences of the wild-type (APPTRE) and mutated (APPTREM1 to APPTREM4) double-stranded
decoy oligonucleotides used in the present study. The mutations performed in the APPTRE

sequence are shown in grey. The critical TGF-β-responsive element AGAC has been underlined
in each sequence. (B) Means +

− S.E.M. of the luciferase activity of Mv1Lu cell line transiently
transfected with a luciferase reporter construct containing the wild-type APPTRE sequence or
with mutated versions of this sequence (APPTREM1 to APPTREM4). For each condition, transfected
cells were treated with (black bars) or without (open bars) 1 ng/ml TGF-β1 for 24 h (n = 12).
*P < 0.01, ANOVA followed by the Bonferroni–Dunn test.

tude, Smad4, described as a common mediator for all members
of the TGF-β family, were capable of inducing the activation of
APPTRE promoter activity (Figure 1C). Smad1 and Smad5, known
to mediate bone morphogenetic protein signalling and, more
surprisingly, Smad2, related to TGF-β signalling, failed to pro-
mote the transcription of the APPTRE promoter. The inhibitory
Smad, Smad7, also had no effect on the activity of the APPTRE

reporter construct (Figure 1C).
Taken together, these results suggest that TGF-β, through its

specific receptors, is capable of activating Smad3 but not Smad2, a
transcription factor that, together with Smad4 transcription factor,
targets the +54/+74 region of the APP promoter (APPTRE).

The APPTRE sequence contains critical response elements,
in addition to the TGF-β-responsive element AGAC box

We next aimed at studying the response elements contained in
the APPTRE sequence. It has been reported that for binding to
DNA, Smad3/Smad4 complexes require the presence, in promoter
sequences, of TGF-β target genes of the critical AGAC motif [15],
also contained in the APPTRE sequence. We proceeded to perform
several mutations of the APPTRE sequence contained in the
APPTRE-MLP-Luc reporter vector (APPTREM1−4; Figure 2A). Four
mutants were generated by turning the +54/+59, the +59/+64,
the +64/+69, and the +69/+74 sequences respectively on a
T6 sequence (Figure 2A). In doing so, we targeted not only the
AGAC box contained in this sequence but also different portions
of this sequence located upstream and downstream of the
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Figure 3 Point mutations of the APPTRE block the TGF-β-dependent
transcription of APPTRE

(A) Sequences of the wild-type (APPTRE) and mutated (M1–M6) double-stranded decoy
oligonucleotides used in the study. The mutations performed in the APPTRE sequence (M1–M6)
are shown in grey. The critical TGF-β-responsive element AGAC has been underlined in
each sequence. (B) Means +

− S.E.M. of the luciferase activity of Mv1Lu cell line transiently
co-transfected with (grey bars) or without (black bars and white bars) the APPTREMLP-Luc
and with double-stranded decoy oligonucleotides corresponding to wild-type or point-mutated
versions of the APPTRE sequence (n = 12). For each condition, transfected cells were treated with
(black bars and grey bars) or without (white bar) 1 ng/ml TGF-β1 for 24 h. *P < 0.01, signi-
ficantly superior to control; #, P < 0.01, significantly inferior to TGF-β treatment condition,
ANOVA followed by the Bonferroni–Dunn test.

AGAC box. Among these mutations, only the TREM2 mutation
overlapped the AGAC sequence contained in APPTRE. However,
the four mutations we performed abolished the TGF-β-induced
transcription activity of APP (Figure 2B). These results sug-
gest that, in addition to the AGAC box, other elements contained
in the APPTRE sequence are critical for mediating the response to
TGF-β.

However, the loss of response induced by the TREM mutations
could be explained by a modification of the close environment of
the AGAC sequence, and does not reflect the actual presence
of additional TGF-β-responsive elements within the APPTRE

sequence. To consider this possibility, we performed decoy oligo-
nucleotide assays to identify further the critical TGF-β-responsive
elements contained in the APPTRE sequence. A decoy double-
stranded oligonucleotide, whose sequence corresponds to the
APPTRE, was generated and transfected to Mv1Lu cells in an
attempt to interfere with the binding of TGF-β-activated trans-
cription factors to their cis-acting elements within the APPTRE

sequence. The use of this decoy oligonucleotide partially blocked
the TGF-β-induced activation of the co-transfected APPTRE-MLP-
Luc reporter vector (Figure 3B). Six point mutations of this initial
decoy oligonucleotide were then generated: guanidines located at

positions +57, +59, +61, +65 and +67 as well as a cytosine
located at position +63 were respectively mutated to adenines
(M1–M6, Figure 3A). Transfection of decoy oligonucleotides
M4, M5 and M6 was efficient in reversing the TGF-β-induced
activation of the co-transfected APPTRE-MLP-Luc reporter vector.
However, decoy oligonucleotides M1, M2 and M3 failed to
influence the response to TGF-β (Figure 3B).

These results indicate that the mutations of bases +57, +59
and +61 affected the ability of the decoy oligonucleotides to
interfere with TGF-β-induced activation of APPTRE. Thus these
results suggest that, in addition to the AGAC sequence, the region
of APPTRE located between bases +54 and +59 plays a role in
the APPTRE responsiveness to TGF-β signal.

The Sp1 transcription factor co-operates with Smad3 and Smad4
to activate the transcriptional activity of APPTRE

Our next step was to identify potential transcription factors that are
capable of co-operating with Smad3 and Smad4 and controlling
the activation of APP. Among the multiple cofactors of Smad
identified so far, the Sp1 transcription factor appeared to be a
good candidate as a cofactor of Smad3 on APPTRE promoter se-
quence, since it is potentially capable of binding to GC-rich
sequences, such as the C3G3 motive located at positions +54
to +59.

To investigate the effect of Sp1 transcription factors on the
promoter activity of APPTRE, we have transiently transfected
Mv1Lu cells with an expression vector encoding Sp1. The activity
of the co-transfected APPTRE-MLP-Luc reporter vector was not
affected by the transfection of Sp1 alone (Figure 4A). However,
the effect of TGF-β1 treatment on this reporter construct was
strongly potentiated by the expression of Sp1 (Figure 4A). When
co-transfected with an expression vector encoding Smad3, the
Sp1 expression vector also potentiated the effect of the Smad3
expression on the activity of APPTRE-MLP-Luc reporter vector
(Figure 4B). To confirm the implication of Sp1 in the trans-
duction of TGF-β signal, we investigated whether TGF-β
transcriptional effects could be reversed by antagonizing Sp1.
Therefore, we tested the effect of another transcription factor
related to Sp1, termed Sp3, on the TGF-β- and Smad3-induced
activation of APPTRE-MLP-Luc reporter vector. Sp3 transcription
factor is structurally related to Sp1 and these two proteins
have been shown to act on the same GC-rich binding sites on
DNA, potentially providing an Sp1 antagonist effect for Sp3. We
transiently transfected Mv1Lu cells with an expression vector en-
coding Sp3. Although Sp3 expression alone did not modify the
activity of APPTRE-MLP-Luc reporter vector, it could inhibit
the effects of both TGF-β1 treatment (Figure 4C) and Smad3
expression (Figure 4D) on the activity of APPTRE-MLP-Luc
reporter vector.

The above results suggest that Sp1 could be considered as a
cofactor of Smad, without intrinsic effect on the transcriptional
activity of the APPTRE sequence, but capable of positively modu-
lating the TGF-β-dependent transcriptional activity of APP. Sp1
would then act as a co-activator of the Smad-dependent trans-
duction pathway.

To study further the molecular mechanisms leading to the co-
operation between Smad3 and Sp1, we extracted total proteins
or proteins contained in nuclei of Mv1Lu cells, under control
conditions or after treatment in the presence of 1 ng/ml TGF-β1
for 30 min. Total proteins were subjected to Western blotting,
revealed with antibodies raised against either Smad3 or Smad3p
(phosphorylated active form of Smad3). Although TGF-β1 did
not modify the total amount of Smad3 protein, a larger amount
of active Smad3 (Smad3p) was detected in TGF-β1-treated
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Figure 4 Effects of Sp1 and Sp3 transcription factors on the activation of
APPTRE by TGF-β and Smad3

(A) Means +
− S.E.M. of the luciferase activity of Mv1Lu cell line transiently co-transfected

with the APPTREMLP-Luc and with an expression vector encoding Sp1 (n = 12). For each
condition, transfected cells were treated with or without 1 ng/ml TGF-β1 for 24 h. *Significantly
(P < 0.01) superior to control; #, significantly (P < 0.01) superior to TGF-β treatment condition,
ANOVA followed by the Bonferroni–Dunn test. (B) Means +

− S.E.M. of the luciferase activity
of Mv1Lu cell line transiently co-transfected with the APPTREMLP-Luc and with expression
vectors encoding Sp1 and Smad 3 (n = 12). *Significantly (P < 0.01) superior to control;
#, significantly (P < 0.01) superior to Smad3-transfection condition, ANOVA followed by the
Bonferroni–Dunn test. (C) Means +

− S.E.M. of the luciferase activity of Mv1Lu cell line transiently
co-transfected with the APPTREMLP-Luc and with an expression vector encoding Sp3 (n = 12).
For each condition, transfected cells were treated with or without 1 ng/ml TGF-β1 for 24 h.
*Significantly (P < 0.01) superior to control; #, significantly (P < 0.01) inferior to TGF-β
treatment condition, ANOVA followed by the Bonferroni–Dunn test. (D) Means +

− S.E.M. of the
luciferase activity of Mv1Lu cell line transiently co-transfected with the APPTREMLP-Luc and
with expression vectors encoding Sp3 and Smad 3 (n = 12). *Significantly (P < 0.01) superior
to control; #, significantly (P < 0.01) inferior to Smad3-transfection condition, ANOVA followed
by the Bonferroni–Dunn test.

cells (Figure 5A). This result indicates that TGF-β induces the
phosphorylation of pre-existing Smad3 proteins, not requiring
de novo Smad3 protein synthesis. We then subjected proteins
from nuclei to immunoprecipitation with an antibody raised
against Smad4, followed by Western blotting revealed with an
antibody raised against the phosphorylation-activated form of
Smad3 to identify active Smad3/Smad4 complexes. As expected,
we observed that such complexes were present in the nuclei of
Mv1Lu cells under control conditions and that treatment with
TGF-β enhanced the quantity of these complexes (Figure 5B).
Conversely, immunoprecipitations using an antibody raised
against active Smad3, followed by Western blotting revealed with
an antibody raised against Smad4, led to the same observation
(Figure 5C). Additional experiments were performed, using Sp1
immunoprecipitation, followed by Western blotting against activ-
ated Smad3. These experiments revealed the presence of ac-
tive Smad3/Sp1 complexes, potentiated by TGF-β1 treatment
(Figure 5B). Sp1-immunoprecipitated material was also subjected
to Western blotting revealed with an anti-Smad4 antibody. The
presence of Sp1/Smad4 complexes under control conditions and

Figure 5 TGF-β induces the formation of Smad3–Smad4–Sp1 complexes

(A) Total proteins were extracted from Mv1Lu cells under control conditions or after treatment
with 1 ng/ml TGF-β1 for 24 h, and subjected to Western blotting, revealed with antibodies
raised against total Smad3 or Smad3p. (B) Proteins were extracted from nuclei of Mv1Lu cells
under control conditions or after treatment with 1 ng/ml TGF-β1 for 24 h and subjected to
immunoprecipitation using antibodies raised against either Smad4 or Sp1 transcription factors.
Smad4- and Sp1-immunoprecipitated material were then subjected to Western blotting revealed
with an antibody raised against Smad3p. (C) Proteins were extracted from nuclei of Mv1Lu
cells under control conditions or after treatment with 1 ng/ml TGF-β1 for 24 h and subjected to
immunoprecipitation using antibodies raised either against Smad3p or Sp1 transcription factors.
Smad3p- and Sp1-immunoprecipitated material were then subjected to Western blotting revealed
with an antibody raised against Smad4. No antibody, immunoprecipitation control experiment
performed in the absence of IgG.

enhancement of the quantity of these complexes after TGF-β1
treatment were noticed (Figure 5C).

We were able to show that Sp1 transcription factor is capable of
interacting physically with active Smad3 and Smad4 transcription
factors. Taken together, the above results indicate that TGF-β is
capable of inducing the formation of complexes containing the
active form of Smad3, Smad4 and Sp1.

In a next step, we attempted to characterize the DNA-binding
activity of these complexes on the APPTRE sequence. We per-
formed EMSA from nuclear extracts of Mv1Lu treated in the
presence of 1 ng/ml TGF-β1 for a time period of 30 min, using
a 32P-radiolabelled probe corresponding to the APPTRE sequence.
As described previously for the CAGA box [15], two bands were
observed, corresponding to two binding complexes (Figure 6A).
These complexes were detected under control conditions, and
clearly increased after TGF-β exposure (Figure 6A, lanes 1, 2;
Figure 6B, lanes 1, 2). The specificity of this binding was con-
firmed by the observation that the bands corresponding to these
complexes were displaced by an excess of unlabelled APPTRE

oligonucleotide (Figure 6A, lane 3; Figure 6B, lane 3). Further-
more, we observed that an unlabelled oligonucleotide correspond-
ing to the Sp1 consensus binding site was also capable of partly
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Figure 6 Binding properties of the APPTRE sequence

Nuclear extracts from Mv1Lu cells under control conditions (A, lane 1; B, lane 1) after treatement
with TGF-β1 (1 ng/ml, 30 min; A, lanes 2, 3; B, lanes 2–6) were subjected to EMSA using
32P-labelled oligonucleotides corresponding to the APPTRE sequence. A 50-fold excess of
unlabelled oligonucleotides corresponding to the APPTRE sequence (A, lane 3; B, lane 3), to
the consensus binding site for Sp1 transcription factor (B, lane 4) to the APPTRE sequence
and to the consensus binding site for Sp1 transcription factor (B, lane 5) or to the consensus
binding site for Smad3 (CAGA box; B, lane 6) were added as competitors. Arrows indicate the
TGF-β-induced nuclear complexes. (C) Antibody interference assays using specific antibodies
were performed in duplicate (lanes 3 and 4, anti Smad3; lanes 5 and 6, anti Smad4; lanes 7 and 8,
anti Sp1) as indicated in the Experimental section. TGF-β-induced nuclear complexes and
supershifted complexes are indicated in the Figure.

displacing the bands corresponding to binding complexes to
APPTRE (Figure 6B, lane 4). Although unlabelled oligonucleotides
corresponding to the Sp1-binding site and to the APPTRE sequence,
when applied alone, were only able to displace partially the bands
corresponding to APPTRE-binding complexes described above
(Figure 6B, lanes 3 and 4), these bands were completely dis-
placed when the two unlabelled oligonucleotides were used in
combination (Figure 6B, lane 5). Finally, to identify further the
elements contained in the APPTRE-binding complexes, we also
applied an excess of an unlabelled oligonucleotide correspond-
ing to the previously characterized TGF-β-responsive element
CAGA-box [15] (Figure 6B, lane 6). This sequence is contained
in the promoter of the PAI-1 (plasminogen activator inhibitor-1)
gene and has been shown to bind Smad3/Smad4 but not Smad2/
Smad4 complexes of transcription factors [15]. We observed
that an unlabelled oligonucleotide corresponding to this sequence
was capable of partially displacing the APPTRE-binding complexes

(Figure 6B, lane 6), indicating that these complexes are, at least
in part, composed of Smad3 and Smad4 proteins. Antibody inter-
ference assays were finally performed to identify the transcription
factors binding to the APPTRE-sequence. TGF-β-induced nuclear
complexes were supershifted with antibodies against Smad3
(Figure 6C, lanes 3 and 4), Smad 4 (Figure 6C, lanes 5 and 6) and
Sp1 (Figure 6C, lanes 7 and 8), indicating that these proteins are
capable of binding the APPTRE sequence.

Altogether, these results indicate that TGF-β1 induces the form-
ation of nuclear complexes containing Sp1, Smad3 and Smad4,
capable of binding to the APPTRE sequence, and that these com-
plexes participate in the regulation of transcriptional activity of
the APP promoter.

DISCUSSION

Aβ peptide accumulation is considered as one of the critical events
leading to the development of AD, and it is assumed that a better
understanding of the mechanisms leading to the production of
this peptide would help to develop new treatments for AD. One
critical point concerns the activity of the APP secretases that lead
to the production of different APP fragments, including Aβ, from
the APP peptide. Another field of research concerns the study
of the mechanisms leading to the synthesis of APP peptide.
We report in the present study new elements concerning the
molecular events sustaining the effect of the cytokine TGF-β on
the transcription of the APP gene. These results are of particular
interest since inflammation has been reported in numerous
neurodegenerative disorders such as Parkinson’s disease, stroke
and AD as a key element in the progression of the disease. In AD,
the inflammatory response is mainly located at the vicinity of
amyloid plaques. Cytokines, such as interleukins-1-, -6-, tumour
necrosis factor-α and TGF-β have been found to be involved in
this inflammatory process. Although their expression is induced
by the presence of Aβ, these cytokines are also capable of
promoting the accumulation of Aβ, thus leading to a vicious
circle in the progression of the disease.

We document here that a short DNA sequence, referred to as
APPTRE, contained in the 5′-UTR region of the APP promoter,
is capable of responding positively to TGF-β signal through the
recruitment of Smad3 and Smad4 transcription factors, which
would co-operate with Sp1. Our observation of the presence of a
TGF-β-responsive element within the APP promoter is consistent
with previous studies concerning the effects of TGF-β on the
transcription of various genes including PAI-1, Muc5ac mucin
and α2(I) procollagen [15–17]. As we have also observed in the
APPTRE sequence, all these promoters share the AGAC motif,
which is now considered as a critical TGF-β-responsive element
in the promoters of TGF-β-activated genes. This sequence is con-
sidered to be necessary for binding of TGF-β-induced Smad2/
Smad4 and Smad3/Smad4 complexes of transcription factors
to the promoters of TGF-β target genes. However, the affinity
of Smad proteins for DNA is relatively low, so that additional
transcription factors, complexing to Smads, appear to be necessary
for an efficient transcriptional response to TGF-β. These cofactors
have been classified into different subtypes. Some of them, such
as FAST and Mixer proteins, function as adaptators of Smad and
lack intrinsic transcriptional activity. Others, such as JUNB or
TFE3, can co-operate with Smad proteins on target promoters
but also display their own transcriptional activity, independent of
Smads, in other contexts [13]. We have noted, in the present study,
that Sp1 transcription factor is capable of potentiating TGF-β-
induced promoter activity of APPTRE, probably through a physical
interaction with Smad3/Smad4 complexes. These results are in
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accordance with previous studies reporting a co-operation of Sp1
with Smad proteins in mediating the TGF-β-induced activation
of various genes including PAI-1, p21Waf1, α2(I) collagen or the
β5 integrin subunit [18–21]. In our work, Sp1 did not show any
transcriptional activity by itself on the APPTRE sequence, which
would define Sp1 as a co-activator adaptator of Smad3/Smad4
complexes on the APP promoter.

We also report that Smad3, but not Smad2, is capable of
inducing the transcriptional activity of the APPTRE. This discre-
pancy between Smad2 and Smad3 has already been observed by
other groups on different TGF-β- and activin-responsive elements
[15,22]. This specificity of action of Smad3 could be explained
by its structural differences from Smad2. If these two factors have
very similar structures, it appears that Smad3 lacks an insert that
is present in Smad2, close to the DNA-binding site of this protein,
and that would prevent direct binding of Smad2 to DNA [23,24].

By using EMSA, we showed that TGF-β1 induces the binding
of nuclear factors to the APPTRE sequence. Two distinct TGF-
β-induced binding complexes could be observed, which is in
accordance with previous reports [15] concerning another TGF-
β-responsive element, CAGA box. In this previous study [15],
these two CAGA-box-binding complexes had been demonstrated
to contain both Smad3 and Smad4 transcription factors. In the
present study, an oligonucleotide corresponding to this CAGA-
box sequence was able to compete with the binding of TGF-
β-induced complexes to APPTRE, suggesting that Smad3 and
Smad4 are present in the APPTRE binding complexes. Similarly,
an oligonucleotide corresponding to the Sp1 consensus binding
site was also able to displace these complexes. In conclusion,
our present results strongly support the idea that TGF-β induces
complexes of Smad3 and Smad4 transcription factors, associated
with the Sp1 protein.

Overall, this study increases our understanding of how TGF-β
discriminates between its various target genes depending on
the context. Alternative pathways involving Smad2 or Smad3,
as well as recruitment of different cofactors of Smads, such as
Sp1, participate in this discrimination. This better understanding
appears to be critical for designing new, efficient therapeutic
strategies that would be based on action at the promoter level.
Considering the multiple targets of TGF-β, this would enable
them to act more specifically on genes of therapeutic interest.
In the particular context of AD, strategies aiming at interfering
with transduction pathways of cytokines such as TGF-β to down-
regulate the synthesis of APP at the transcriptional level could
prove efficient in the future. Moreover, these results suggest that
the overexpression of TGF-β may initiate or promote amyloido-
genesis in AD and may thus be a risk factor for developing AD,
even though no polymorphism has so far been detected in its gene
at this time.
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