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SUMMARY 

The expression of the -amyloid precursor protein (APP), which plays a key role in 

the development of Alzheimer's disease, is regulated by a variety of cellular 

mediators in a cell-dependent manner. In the present study, we present evidence 

that thyroid hormones negatively regulate the expression of the APP gene in 

neuroblastoma cells. Transient transfection studies using plasmids which contain 

progressive deletions of the 5' region of the gene, demonstrate that triiodothyronine 

(T3), the more active form of the thyroid hormones, represses APP promoter activity 

by a mechanism that requires binding of the nuclear T3 receptor (TR) to a specific 

sequence located in the first exon. The unliganded receptor increases promoter 

activity and T3 reverses that activity to basal levels. The repressive effect of T3 does 

not exhibit TR isoform specificity, and it is equally mediated by TR  and TR . Gel-

mobility shift assays using in vitro synthesized nuclear receptors and 

nuclear extracts, lead to the identification of a negative thyroid hormone response 

element (nTRE), at the nucleotides position +80/+96, that preferentially binds 

heterodimers of TR with the retinoid X receptor (RXR). Insertion of sequences 

containing this element confers negative regulation by T3 to a heterologous TK 

promoter, thus indicating the functionality of the element. 
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The -amyloid protein, the major component of the Alzheimer-associated 

plaques is derived from a set of alternatively spliced -amyloid precursor proteins 

(APP) which are encoded by a single gene located on human chromosome 21 

(for a review see Ref. 1). Although at physiological levels APP appears to be 
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involved in neurotrophic events (2), its overexpression might cause neuronal 

degeneration by a mechanism that likely involves an increased production of -

amyloid protein (3) and neurotoxicity (4). APP is ubiquitously expressed in 

mammalian tissues and its expression can be regulated by a variety of stimuli, 

including NGF (5-7), FGF (8), interleukin-1 (9), phorbol esters (10,11) or retinoic 

acid (12), a ligand of the nuclear superfamily of steroid/thyroid hormone 

receptors.  

 An apparent relationship between thyroid status and Alzheimer´s disease 

has been suggested. Thyroid hormones, in particular T3, are essential for normal 

brain maturation and function (13), and its deficiency causes neurologic 

symptoms, that in a way resemble those observed in Alzheimer´s patients. 

Moreover, and although a strong link between thyroid hormones and Alzheimer 

has not been yet established, it has been suggested that a history of thyroid 

dysfunction may represent a risk factor for this pathology (14,15). In addition, 

data from our laboratory (16), indicate that T3 affects splicing and secretion of 

APP isoforms in neuroblastoma cells.  

 Most of the effects of the thyroid hormone are mediated by binding and 

activation of nuclear thyroid hormone receptors (TRs). TR functions as a ligand-

inducible transcription factor to increase or decrease the transcription of target 

genes by binding to specific DNA sequences called thyroid hormone response 

elements (TREs) (for a review see 17). In T3-activated genes TREs are normally 

located in the 5'-flanking region and consist of hexameric half-sites of the 

consensus sequence AGGTCA arranged as direct repeats spaced by four base 

pairs (18), palindromes separated by 0-1 base pairs (19) or inverted palindromes 

spaced by six base pairs (20). TR can potentially interact with these elements as 

monomers, homodimers, and preferentially as heterodimers with the retinoid X 

receptor (RXR), another member of the nuclear receptor superfamily. 

Heterodimerization increases the binding affinity to certain TREs and the ligand-

mediated transactivation of positively regulated genes (21,22). Unliganded TRs 

mediate transcriptional repression of most positive TREs due to binding of 

nuclear corepressors (23). Ligand binding induces a conformational change that 

causes the release of corepressors and the recruitment of coactivators which 

bind to the AF-2 C-terminal domain (24), and allows transactivation. 

 The mechanisms involved in T3-dependent transcriptional repression 

remain less well defined. Negative response elements (nTREs) are located 

close, and often downstream, to the transcriptional start site (25-28). In addition, 
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the nTREs are frequently composed of more than one TR-binding site, each of 

them containing sequences that partially resemble the AGGTCA sequence 

described for positive TREs (25,28). Moreover, TRs can bind to these sequences 

as monomers, homodimers or heterodimers with RXR (25,28,29). However, up 

to now, a consensus sequence for nTREs has not been yet established, and the 

precise role of RXR on the T3-induced repression remains unclear.  

 TRs can also negatively affect the expression of certain genes, without 

requiring binding to DNA, by interfering with AP-1-induced transcriptional 

activation (30). A ligand-dependent interaction between TR and CBP, an 

essential coactivator for the AP-1 complex, has been recently proposed to 

mediate this antagonism (31-32). The human APP promoter contains a number 

of sequences homologous to known transcription factors, among others two 

consensus AP-1 binding sites (33-36), which play a role in the regulation of the 

APP gene by phorbol esters in a human glial cell line (11).  

 In this report we present evidence that T3 reduces APP transcripts in 

N2a-  neuroblastoma cells. Transient transfection studies with different 

fragments of the 5' region of the APP gene, together with gel mobility shift 

assays, show that the negative effect of T3 requires binding of TR to sequences 

located within the first exon of the APP gene, between positions +80 and +96. 

These sequences preferentially bind TR/RXR heterodimers, whereas monomers 

or homodimers are either not bound, or bound with a very low affinity. Insertion 

of the +55/+102 region of the APP gene, which contains the +80/+96 element, 

confers negative regulation by T3 to a heterologous promoter. Taken together, 

our results reveal the existence of a functional nTRE, located in the first exon, 

which could mediate a repressive effect of thyroid hormone on APP gene 

expression. 

 

 

EXPERIMENTAL PROCEDURES 

 

Cell culture. - Murine N2a neuroblastoma cells were grown in Dulbecco's 

modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum as 

previously described by Ortiz-Caro et al. (38). Previous to the experiments, the 

culture medium was replaced with a similar medium containing serum depleted 

of thyroid hormone by treatment with resin AG1X8 as described by Samuels et 

al. (50), and the cells were then incubated in this medium for an additional 24 h 
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period before the beginning of the experiments. N2a-  cells, a subclon which 

constitutively expresses the -isoform of TR (TR ), were obtained from Dr. 

Dussault's laboratory. N2a-  cells were grown as previously described by Lebel 

et al. (37) and the experiments were carried out in the same medium containing 

0.5% of thyroid hormone-depleted fetal calf serum.  

 

RNA extraction and hybridization - Total RNA was extracted from the cell 

cultures by the guanidine thiocyanate method (51). The RNA (30 g) was run in 

1% formaldehyde-agarose gels and transferred to nylon-nitrocellulose 

membranes (Nytran) for Northern blot analysis. The RNA was stained with 

0.02% methylene blue. The blots were hybridized, as described by Church and 

Gilbert (52), with a plasmid containing a human APP cDNA labeled by random 

oligonucleotide priming. Hybridizations were at 65ºC in PSE buffer (0.3M sodium 

phosphate; pH=7.2, 7% SDS, 1mM EDTA). Quantification of mRNA levels was 

carried out by densitometric scan of the autoradiograms. The values obtained 

were corrected by the amount of RNA applied in each lane which was 

determined by densitometry of the stained membranes.  

 

Reporter plasmids and expression vectors - The chloramphenicol acetyl 

transferase (CAT) reporter plasmid containing the -1099/+105 fragment of the 

human APP gene has been previously described (53). Progressive 5' deletions 

to -487, -307, -15  +55 and +75 bp were prepared by polymerase chain reaction 

from the original -1099/+105 bp fragment, kindly provided by Dr. Lahiri's 

laboratory, and subcloned into the BamH1 site of pBL-CAT8, a plasmid which 

lacks the AP-1 binding site present in the pUC backbone. The cDNAs encoding 

TR , RXR  and v-erbA, as well as the cDNAs encoding TR mutants E401/Q, 

E401/K and C1, were the kind gift of Dr. D. Barettino (39). These different 

receptors are inserted into the EcoI site of the expression vector pSG5 which 

contains the SV40 early promoter. The reporter construct TREAPP/TK-CAT 

consists of a single copy of the +55/+102 fragment of APP inserted in front of a 

TK promoter driving the expression of the CAT gene. 

 

DNA transfection - N2a cells cultured in Dulbecco´s modified Eagle´s medium 

containing 10% of thyroid hormone depleted fetal calf serum were transfected by 

the calcium phosphate coprecipitation method with 1 g of reporter plasmids and 

carrier DNA. One hundred nanograms of a luciferase reference vector was 
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simultaneously used as an internal control of the transfection efficiency. In 

cotransfection experiments, 1 g of reporter plasmid and 1 g of the 

corresponding receptor expression vector were used. After 16h of incubation in 

the presence of calcium phosphate, the medium was discarded and washed with 

5 ml of phosphate-buffered saline. A new medium containing 0,5% thyroid 

hormone depleted serum was added and the cells were then incubated for an 

additional period of 48 hours in the presence or absence of 5 nM T3. Each 

treatment was performed in duplicate cultures that normally showed less than 5-

15% variation in CAT activity which was determined by incubation of [14C]-

chloramphenicol with cell lysate protein. After autoradiography, the non-

acetylated and acetylated [14C]-chloramphenicol was quantified and the data are 

expressed as the mean ± standard deviation of the percent of acetylated forms 

after each treatment. Each experiment was repeated at least 2-3 times with 

similar relative differences in regulated expression.  

 

Mobility shift assays - Synthetic oligonucleotides containing the TR-binding 

sequences of the human APP promoter, were end labeled with [32P]ATP using 

T4-polynucleotide kinase and then incubated with in vitro translated receptors or 

with nuclear extracts obtained from N2a-  cells. cDNAs for TR and RXR in pSG5 

were transcribed and translated in vitro with the TNT kit (Promega) following the 

manufacturer´s recommendations. The nuclear extracts were obtained by the 

method of Andrews and Faller (54). For gel retardation assays, translated 

receptors (2 l) or nuclear extracts (5 g) were incubated on ice for 15 min in a 

buffer (20 mM Tris HCl pH=7.5, 75 mM KCl, 1mM DTT, 5 µg/ml BSA, 13% 

glycerol) containing 3 µg poly (dI-dC) and then were incubated for 15-20 min at 

room temperature with approximately 70,000 cpm of the double-stranded labeled 

oligonucleotide. Unprogrammed reticulocyte lysate was used as a control for 

nonspecific binding. For competition experiments, increasing concentrations of 

unlabeled double-stranded oligonucleotide, or an oligonucleotide containing the 

consensus sequence TREPAL (5´AGGTCATGACCT-3´),� were added to the 

binding reaction mixture. For gel supershift, the reaction mixtures were incubated 

with 1 l of specific anti-TR ( TR) or anti-RXR ( RXR) antibodies for 30 min. at 

4ºC. DNA-protein complexes were resolved on 7% nondenaturing 

polyacrylamide gels containing 0.5% TBE buffer. The gels were dried and 

autoradiographed at -70ºC. 
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RESULTS 

 

Negative regulation of the APP mRNA levels by thyroid hormone in N2a-  cells - 

APP-mRNA levels were determined in N2a-  cells, which express the APP gene 

and high levels of TR (37), after treatment with 5 nM T3. Figure 1 illustrates the 

results obtained in a representative Northern blot carried out with 30 g of total 

RNA. A single band of 3.4 kb, which corresponds to APP-mRNA was detected. 

Densitometric scanning of the bands showed that T3 decreased APP-mRNA 

levels in a time-dependent manner. The negative effect of T3 was already 

detected at 24 hours, and became more evident after 48 hours of treatment. No 

effects of T3 on APP-mRNA levels were observed in parental N2a cells, which 

express very low levels of TR (38) (data not shown) 

 

TR-mediated repression of APP promoter activity - Transient transfection assays 

were carried out to determine whether or not T3 affects the transcriptional activity 

of the APP gene in neuroblastoma cells. N2a-  cells were transiently transfected 

with a chimeric plasmid containing the -1099 to +105 bp fragment of the human 

APP gene linked to the CAT reporter gene, and then incubated for 48h in the 

presence or absence of 5 nM T3. As shown in left panel of figure 2, CAT activity 

was significantly inhibited in N2a-  cells incubated in the presence of T3, 

whereas, this hormone did not affect the activity of the APP gene promoter in the 

parental N2a cell line, thus demonstrating that the T3-induced inhibition of the 

transcriptional activity requires the presence of adequate levels of TR.  

 To further confirm the role of TR in this negative response, the 

unresponsive parental N2a cells were co-transfected with the APP promoter-

CAT construct and a vector expressing the -isoform of the thyroid hormone 

receptor (TR ). As shown in the right panel of the figure, the unliganded TR 

increased basal promoter activity, and T3 effectively reversed this effect. 

Therefore, negative regulation by T3 appeared to be largely a consequence of 

reversal of the TR-induced activation rather than an active suppression of basal 

promoter activity. The negative effect of T3 in N2a cells transiently transfected 

with TR  was very similar to that observed in N2a-  cells. These results show 

that the inhibitory effect of T3 does not exhibit TR isoform specificity, since it was 

equally mediated by both  and receptor isoforms.  
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Identification of DNA regions mediating the negative regulation of APP 

transcriptional activity - To map the DNA sequences of the 5' flanking region of 

the human APP gene involved in the T3-induced response, progressively deleted 

fragments (-1099, -487, -307 and -15) of the promoter were linked to the 

upstream region of the reporter CAT gene and transfected into N2a-  cells. As 

shown in figure 3, the negative effect of T3 was mantained even in cells 

transfected with the shortest (-15/+102 bp) fragment. Similar results were 

obtained in N2a cells transfected with TR  (data not shown). Since the 

repressive effect of T3 is mediated by DNA fragments in which the AP-1 sites 

have been lost, these results eliminate the possibility of an AP-1 mediated 

mechanism and strongly suggest the existence of a TR-binding site in the -15 to 

+102 bp  region of the gene. 

 

The repressive effect of T3 requires the AF-2 domain of the thyroid hormone 

receptor - Ligand-dependent transactivation function of the TR is associated with 

an autonomous and highly conserved C-terminal region of the receptor referred 

to as AF-2 (39). To determine whether this transcriptional domain could also play 

a role in the ligand-dependent repression of the APP promoter, we  examined 

the response to T3 in N2a cells transfected with v-erbA, a natural AF-2 mutant of 

TR  which fails to bind ligand, as well as with several TR  mutants affecting the 

AF-2 domain. The C-1 mutant carries a nine aminoacids C-terminal deletion like 

that found in v-erbA, and the E401/Q or E401/K mutants contain a point mutation 

of the Glu (E) residue at position 401. As illustrated in figure 4, the wild-type 

receptor and the AF-2 mutants increased with a similar potency the  activity of 

the -1099/+105 APP promoter construct in the absence of ligand. T3 effectively 

reversed the promoter activation induced by the wild-type TR, but it was unable 

to reduce significantly the constitutive induction caused by the AF-2 mutant 

receptors. The C-1 and E401/K mutants show a strongly reduced ligand binding 

affinity (39) which, as in the case of v-erbA, could explain the lack of response to 

T3. However, the effect of T3 was also abolished in the E401/Q mutant in which 

ligand binding affinity remains unaltered (39). 

 

Identification of TR-binding elements in the -15 to +102 region of the APP gene - 

For a more detailed study of the DNA sequences involved in this T3-induced 

response, we further analyzed the -15/+102 bp region of the gene. As depicted 

in the upper panel of figure 5, a computer-assisted study of the nucleotide 
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sequence of this region, revealed the existence of three potential thyroid 

hormone response elements located at the nucleotides positions -4 to +9 (E1), 

+20 to +30 (E2), and +80 to +96 (E3). The first motif overlaps the major 

transcriptional start point, and the other two, E2 and E3, are located within the 

first exon of the gene. A similar distribution of TR-binding sites has been 

previously described for the TSH, TRH and other genes negatively regulated by 

T3 (25,26,28)  

 To determine whether the potential response elements of the APP gene 

are able to bind TR, we conducted gel mobility shift assays with in vitro 

translated receptors and oligonucleotides containing the E1, E2 and E3 

sequences. As illustrated in figure 5, no specific retarded bands were detected 

when TR or RXR were used separately, and only the oligonucleotide (+75/+101) 

containing the E3 motif was able to specifically bind TR/RXR heterodimers. No 

detectable complexes were established between the heterodimer and the probes 

containing the E1 (-10/+15) or E2 (+13/+37) sequences. 

 To further analyze the E3 domain, the only motif that effectively bound 

TR/RXR, we performed new gel mobility shift assays, using both in vitro 

translated receptors and nuclear extracts obtained from control and T3-treated 

N2a-  cells. Figure 6A shows binding of the in vitro translated protein 

preparations. A specific band running in a position that is compatible with a 

mobility complex containing the heterodimer TR/RXR was detected. In 

agreement with the results observed in the previous figure, bands corresponding 

to monomers or homodimers of TR or RXR were not detected. TR/RXR binding 

to the oligonucleotide containing the E3 motif appeared not to be significantly 

affected by T3, which only induced a slight increase in the mobility of the 

retarded band. The specificity of the retarded band was assessed in the 

presence of increasing amounts of the unlabeled E3-containing oligonucleotide 

or the thyroid hormone consensus response element TREpal. Complex 

formation was progressively reduced by the unlabeled E3 oligonucleotide (5 to 

50-fold excess), and it was practically abolished in the presence of the same 

amounts of TREpal. In addition, no competition was observed when an unrelated 

oligonucleotide was used. These results demonstrate that the E3 element of the 

APP gene specifically binds the thyroid hormone receptor, although with a lower 

affinity than the consensus TREpal. Figure 6B shows the results of a 

representative gel mobility shift assay carried out with nuclear extracts of N2a-  

cells. Several retarded bands were detected. The most prominent band 
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presented a mobility identical to that obtained with the in vitro translated TR/RXR 

heterodimer (lane 3). The mobility of this band was slightly increased in the 

presence of T3. This band was specifically competed by an excess of both 

unlabeled E3 oligonucleotide or TREpal, but not by an unrelated oligonucleotide. 

The presence of TR and RXR in the complex was tested with specific antibodies 

against both receptor proteins. The retarded band was inhibited by the TR 

antibody ( TR) and supershifted by the RXR antibody ( RXR). These data show 

that the E3 element binds the endogenous TR/RXR heterodimers present in 

N2a-  cell nuclei. In addition to the major TR/RXR containing complex, nuclear 

extracts from N2a-  cells caused the formation of a minor retarded band of 

slower mobility. This unidentified band contains neither TR, nor heterodimers of 

RXR with other nuclear receptor, since it was unaffected by the antibodies. 

 

Functional analysis of the E3 element - The nucleotide sequence of the E3 

element contains three motifs, (+80/+85), (+85/+90), and (+91/+96), each 

resembling the consensus core sequence AGGTCA established for the positive 

TREs. To confirm the functionality of this potential nTRE, we studied whether 

this element is able to confer T3 responsiveness to a heterologous non 

responsive promoter. For this purpose, N2a cells were transiently cotransfected 

with a TK-CAT construct or the TREAPP/TK-CAT (a chimeric plasmid containing 

the +55 to +102 bp fragment of the human APP gene linked to the TK-CAT 

reporter gene), and an expression vector for TR . As shown in figure 7, the 

activity of the TK promoter was not affected by TR either in the presence or the 

absence of T3. In contrast, the insertion of the APP promoter fragment into the 

upstream region of the construct conferred T3 responsiveness to the TK 

promoter. The regulation was identical to that found with the APP promoter, 

where unliganded TR significantly increased CAT activity, and T3 reverted the 

increased activity to the uninduced basal levels. 

 

 

DISCUSSION 

 

 In this report we present evidence that T3, the most active form of thyroid 

hormones, negatively regulate APP gene expression in a rat neuroblastoma cell 

line. The repressive effect of T3 on APP transcriptional activity was observed in 

N2a-  cells, a subclon that constitutively expresses high levels of TR , but not in 
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the parental cell line which contains low levels of thyroid hormone receptors. This 

suggests that the negative effect of T3 on the APP gene will occur specifically in 

cells and brain regions expressing high TR levels. 

 Transient transfection studies demonstrated that T3 represses APP 

promoter activity in N2a-  cells. Several mechanisms, involving either binding to 

specific nTREs or interference with other positive transcription factors, in 

particular the AP-1 complex (30), have been described to mediate negative 

regulation of gene expression by T3. The APP promoter has the typical structure 

of a housekeeping gene, lacking the TATA and CAAT elements but containing 

two AP-1 sites which are located upstream of the transcription start point, at 

nucleotide positions -345 and -38 (33-36). Our results show that the progressive 

removal of the AP-1 sites did not significantly affect the repressive effect of T3 

on the APP promoter, thus discarding the participation of a mechanism involving 

transcriptional antagonism between TR and the AP-1 complex. These results, 

together with the requirement of TR, suggested a mechanism in which the 

negative effect of T3 could be directly mediated by receptor binding to specific 

DNA sequences.  

 Negative TREs are normally located in the proximal promoter or even 

within the first exon, downstream of the transcriptional start site. Moreover, the 

negatively regulated genes frequently exhibit more than one nTRE which 

cooperate to allow for an integrated negative regulation of the promoter (28). The 

finding that T3 effectively repressed the activity of a minimal APP promoter 

fragment suggested the existence of a negative TRE in the proximity of the main 

transcriptional start site. Sequence analysis of the promoter region comprised 

between nucleotides -15 and +102 revealed the presence of three potential TR 

binding sites. The promoter fragments -4/+9 and +20/+30 contain sequences 

that strongly resemble the previously established AGGTCA consensus TRE half-

site, one arranged as an inverted palindromic repeat, and the other as an 

overlapping direct repeat. The high homology (75%) observed between these 

elements and the consensus sequence, suggested that they could act as 

response elements. However, analysis of the binding properties of these 

elements, revealed that they are unable to bind TR or TR/RXR. Only the 

sequence located between nucleotides +80 and +96 binds the receptor 

significantly. Therefore, although the possibility that the more upstream 

sequences could contribute to modulate TR binding to the more downstream 

element cannot be dismissed, our results strongly suggest that the negative 
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effect of T3 on the APP gene might be mediated by a unique nTRE present 

within the first exon at positions +80/+96.  

 The putative nTRE of the APP gene contains at least two hemi-sites, 

each resembling the consensus TR binding motifs. A central core of nucleotides 

might be interpreted as a third hemi-site, or alternatively as a spacer. It is well 

known that orientation and spacing as well as the primary nucleotide sequence 

of core DNA-binding motifs, strongly contribute to dictate the selective positive or 

negative transcriptional actions induced by the ligand-dependent family of 

transcription factors (40). The APP element binds heterodimers of TR with RXR, 

but does not bind TR monomers or homodimers. This result is different from that 

obtained with other negative responses to T3, where the monomeric TR forms 

appear to play an essential role (25,26,28). The preferential binding of TR/RXR 

heterodimers firmly supports a structure containing two hemi-sites spaced by 5, 

or more likely, 4 base pairs. In both cases the downstream hemi-site (+91/+96 

bp) is identical to the sequence found by Desvergne et al. in the rat malic 

enzyme TRE (18). The first hemi-site, in turn, can be defined either at 

nucleotides positions +80/+85 (5 bp spacer model) or +81/+86 (4 bp spacer), 

both resembling the consensus sequences described in the rat growth hormone 

TRE by Brent et al. (41) -AGGT(C/A)A- and Norman et al. (42) -

GGG(T/A)C(G/C)-, respectively. 

 Contrary to positive TREs, which normally mediate repression by TR in 

the absence of T3, binding of unliganded receptors to nTREs can lead to a 

constitutive activation of gene transcription (43-45). The molecular mechanisms 

responsible for constitutive activation are still unknown. However, it has been 

recently reported that unliganded TR might stimulate the basal activity of 

negatively regulated promoter in a manner that requires the association of 

corepressors (46). Addition of T3 might reverse basal activity perhaps by 

dissociation of those corepressors. In N2a cells, unliganded TR  stimulates APP 

promoter activity, and as occurs with a number of negatively regulated genes 

(25,28,45), T3 reverts the activation induced by the transfected unliganded 

receptor, although it does not suppress the basal transcriptional activity of the 

APP promoter below the original levels. This regulation is different from that 

observed in the keratin gene promoter, in which T3 not only reverses the ligand-

independent effect of TR, but also suppresses the basal transcriptional activity 

below basal levels (44). 
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 Ligand-dependent transcriptional activation by nuclear receptors is 

mediated by a domain termed AF-2 (activation function-2), that in TR is located 

within the distal carboxyl terminus of the ligand-binding domain (39). The 

experiments with mutant TRs show that the AF-2 region is required for the T3-

dependent repression of the APP promoter in N2a cells. A point mutation 

E401/Q which affects T3-dependent activation without altering T3 binding (39) 

severely impaired the repressive activity of T3 on the APP promoter. These data 

indicate that the AF-2 function is required not only for ligand-dependent 

stimulatory responses mediated by positive response elements, but also for the 

repressive effect of T3 on the APP promoter. Since the AF-2 region appears to 

be mainly involved in the binding of coactivators (47), our results strongly 

suggest that these proteins might play a role in the regulation of the APP gene 

by T3. In contrast, TR mutants lacking the AF-2 function activated transcription in 

a ligand-independent manner as efficiently as wild-type TR, indicating that the C-

terminal region of TR is dispensable for T3-independent transactivation of the 

APP promoter and that different domains are required for the ligand-dependent 

and ligand-independent actions of TR on this promoter.  

 Finally, our data show that the TR/RXR binding element of the APP 

promoter was able to confer negative regulation by T3 to the heterologous 

thymidine kinase promoter. Furthermore, this element also conferred stimulation 

by the unliganded receptor. These results confirm the functionality of the binding 

element and strongly suggest that this nTRE alone is sufficient to mediate both 

ligand-dependent and ligand-independent actions of the thyroid hormone 

receptor on the APP gene. 

 In summary, this report describes a negative regulation of the APP gene 

expression by thyroid hormone in neuroblastoma cells. This effect requires a 

nTRE, which binds TR/RXR heterodimers, located in the first exon downstream 

of the main transcriptional start site, and is equally mediated by TR and TR . In 

addition to the repressive effect of the thyroid hormone on APPmRNA levels and 

APP promoter activity, we have also observed that the thyroid hormone affects 

splicing, and secretion of APP (16). Our results together with the reduction of 

thyroid hormone receptor levels observed in Alzheimer hyppocampal cells (48) 

and the effects exerted by estradiol or retinoic acid on APP expression and 

metabolism (12,49), strongly suggest that members of the nuclear superfamily of 

receptors, and their ligands, might play an important role in Alzheimer's disease. 

 



 
14 

 

REFERENCES 

 

 1. Selkoe, D. J. (1994) Annu. Rev. Cell. Biol. 10, 373-403 

 

 2. Mattson, M. P., Cheng, B., Culwell, A. R., and Esch, F. S. (1993) Neuron 10, 

243-254 

 

 3. Yoshikawa, K., Aizawa, T., and Hayashi, Y. (1992) Nature 359, 64-67 

 

 4. Fucuchi, K., Kamino, K., Deeb, S. .S, Smith, A. C., Dang, T., and Martin, G.M. 

(1992) Biochem. Biophys. Res. Commun. 182, 165-173 

 

 5. Mobley, W. C., Neve, R. L., Prusiner, S. B., and McKinley, M. P. (1988) Proc. 

Natl. Acad. Sci. USA. 85, 9811-9815 

 

 6. Ohyagi, Y., and Tabira, T.. (1993) Brain. Res. Mol. Brain. Res. 18, 127-132 

 

 7. Cosgaya, J. M., Latasa, M..J., and Pascual, A. (1996) J. Neurochem. 67, 98-

104 

 

 8. Quon, D., Catalano, R., and Cordell, B. (1990) Biochem. Biophys Res. 

Commun. 167, 96-102 

 

 9. Goldgaber, D., Harris, H. W., Hla, T., Maciag, T., Donnelly, R. J., Jacobsen, J. 

S., Vitek, M. P., and Gajdusek, D. C. (1989) Proc. Natl. Acad. Sci. USA. 86, 

7606-7610 

 

10. Yoshikai, S., Sasaki, H., Doh-ura, K., Furuya, H., and Sakaki, Y. (1990) Gene 

87, 257-263 

 

11. Trejo, J., Massamiri, T., Deng, T., Dewji, N. N., Bayney, R. M., and Brown, J. 

H. (1994) J. Biol. Chem. 269, 21682-21690 

 

12. König, G., Master, C. L., and Beyreuther, K. (1990) FEBS Lett. 269, 305-310 

 



 
15 

13. Dussault, J. H., and Ruel, J. (1987) Annu. Rev. Physiol. 49, 321-334 

 

14. Heyman, A., Wilkinson, W. E., Hurwith, B. J., Schmechel, D., Sigmon, A. H., 

Weinberg, T., Helms, M. J., and Swift, M. (1983) Ann. Neurol. 14, 507-515 

 

15. Mortimer, J. A. (1989) In Mortimer, J. A , Altman, H. J., Altomar B. N., Eds 

1989 Alzheimer's and Parkinson diseases, 85-100. Plenum press. NY.  

 

16. Latasa, M. J., Belandia, B., and Pascual, A. (1998) Endocrinology. In press 

 

17. Lazar, M. A. (1993) Endocr. Rev. 14, 184-193 

 

18. Desvergne, B., Petty, K. J., and Nikodem, V. M. (1991) J. Biol. Chem. 266, 

1008-1013 

 

19. Glass, C. K., Holloway, J. M., Devary, O. V., and Rosenfeld M. G. (1988) Cell 

54, 313-323 

 

20. Baniahmad, A., Steiner, C., Köhne, A. C., and Renkawitz, R. (1990) Cell 61, 

505-514 

 

21. Glass, C. K. (1994) Endocrine Rev. 15, 391-406 

 

22. Mangelsdorf, D. J., Thummel, C., Beato, M., Herrlich, P., Schutz, G., 

Umesono, K., Kastner, P., March, M., Chambon, P., and Evans, R. M. (1995) 

Cell 83, 835-839 

 

23. Hörlein, A. J., Näär, A. M., Heinzel, T., Torchia, J., Gloss, B., Kurokawa, R., 

Ryan, A., Kamei, Y., Söderström, M., Glass, C. K., and Rossenfeld, M. G. (1995) 

Nature 377, 397-403 

 

24. Chen, J. D., and Evans, R. M  (1995) Nature 377, 454-457 

 

25. Carr, F. E., and Wong, N. C. W. (1994) J. Biol. Chem. 269, 4175-4179 

 



 
16 

26. Wood, W. M., Kao, M. Y., Gordon, D. F., and Ridgeway, E. C. (1989) J. Biol. 

Chem. 61, 497-504 

 

27. Madison, L. D., Ahlquist, J. A. O., Rogers, S. D., and Jameson, J. L. (1993). 

Mol. Cell. Endocrinol. 94,129-136 

 

28. Hollenberg, A. N., Monden, T., Flynn, T. R., Boers, M-E., Cohen, O., and 

Wondisford, F. E. (1995) Mol. Endocrinol. 9, 540-550 

 

29. Cohen, O, Flynn, TR, and Wondisford, FE (1995) J. Biol. Chem. 270, 13899-

13905 

 

30. Pfahl, M. (1993) Endocr. Rev. 14, 651-658 

 

31. Chakravarti, D., LaMorte, V. J. , Nelson, M. C., Nakajima, T., Shulman, I. J., 

Juguilon, H., Montminy, M., and Evans, R. M. (1996) Nature 389, 99-103 

 

32. Kamei, Y., Xu, L., Heinzel, T., Torchia, J., Kurokawa, R., Gloss, B., Lin, S-C., 

Heyman, R. A., Rose, D. W., Glass, C. K., and Rosenfeld, MG (1996) Cell 85, 

403-414 

 

33. Salbaum, J. M., Weidemann, A., Lemaire, H., Master, C. L., and Beyreuther, 

K. (1988) EMBO J. 7, 2807-2813 

 

34. Milici, A., Salbaum, J. M., and Beyreuther, K. (1990) Biochem. Biophys. Res. 

Commun. 169, 46-50 

 

35. LaFauci, G., Lahiri, D. K., Salton, S. R. J., and Robakis, N. K. (1989) 

Biochem. Biophys. Res. Commun. 159, 297-304 

 

36. Chernak, J. M. (1993) Gene 133, 255-260 

 

37. Lebel, J-M., Dussault, J. H., and Puymirat, J. (1994) Proc. Natl. Acad. Sci. 

USA. 91, 2644-2648 

 



 
17 

38. Ortiz-Caro, J., Yusta, B., Montiel, F., Aranda, A., and Pascual, A. (1986) 

Endocrinology 119, 2163-2167 

 

39. Barettino, D., Vivanco Ruiz, M. dM., and Stunnenberg, H. G. (1994 ) EMBO 

J. 13, 3039-3049 

 

40. Näär, A. M., Boutin, J-M., Lipkin, S. M., Yu, V. C., Holloway, J. J. M., Glass, 

C. K., and Rosenfeld, M. G. (1991) Cell 65, 1267-1279 

 

41. Brent, G. A., Harney, J. W., Chen, Y., Warne, R. L., Moore, D. D., and 

Larsen, P. R. (1989) Mol. Endocrinol. 3, 1996-2004 

 

42. Norman, M. F , Lavin, T. N., Baxter, J. D., and West, B. L. (1989) J. Biol. 

Chem. 264, 12063-12073 

 

43. Saatcioglu, F., Deng, T., and Karin, M (1993) Cell 75, 1095-1105 

 

44. Tomic-Canic, M., Day, D., Samuels, H. H., Freedberg, I. M., and 

Blumemberg, M. (1996) J. Biol. Chem. 271, 1416-1423 

 

45. Bigler, J., and Eisenman, R. N. (1995) EMBO J. 14, 5710-5723 

 

46. Tagami, T., Madison, L. D., Nagaya, T., and Jameson, J. L. (1997) Mol. Cell. 

Biol. 17, 2642-2648 

 

47. Glass, C. K., Rose, D. W., and Rosenfeld, M. G. (1997) Curr. Opin. Cell. Biol. 

9, 222-232 

 

48. Sutherland, M. K., Wong, L., Somerville, M. J., Handley, P., Yoong, L., 

Bergeron, C., and Crapper McLachlan, D. R. (1992) Neurobiol. Aging  13, 301-

312 

 

49. Jaffe, A. B., Toran-Allerand, C. D., Greengard, P., and Gandy, S. (1994 ) J. 

Biol. Chem. 269, 13065-13068 

 



 
18 

50. Samuels, H. H., Stanley, F., and Casanova, J. (1979) Endocrinology 105, 80-

85 

 

51. Chomczynski, P., and Sacchi, N. (1987) Analyt. Biochem. 162, 156-159 

 

52. Church, G. M., and Gilbert, W (1984) Proc. Natl. Acad. Sci. USA. 81, 1991-

1995 

 

53. Lahiri, D. K., and Robakis, N. K. (1991) Mol. Brain. Res. 9, 253-257 

 

54. Andrews, N. C., and Faller, D. V. (1991) Nucleic. Acids. Res. 19, 2499-2500 

 

 

 

 

 

 

 

 

 

 

 

 

 

LEGEND TO THE FIGURES 

 

FIG. 1. T3 reduces APP mRNA levels in N2a-  neuroblastoma cells. 

 

Cells were incubated with 5 nM T3 in a medium containing resin-treated serum. At 

the indicated times, cells were harvested and 30 g of total RNA were processed for 

Northern blot analysis as described under "Materials and methods". APP-mRNA 

levels were determined by densitometric scan of autoradiograms and corrected by 

the amount of RNA applied. The top panel shows the results obtained from two 

separate experiments performed in duplicate. Data are the mean ± S.D. of four 

determinations. APP-mRNA bands from a representative autoradiogram and the 
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18S rRNA from the stained blots are illustrated in the medium and lower panels, 

respectively. 

 

FIG. 2 Negative regulation of APP promoter activity by T3 in N2a cells. 

 

Left panel illustrates the CAT activity determined in N2a-  cells (which constitutively 

overexpresses TR ) and in parental N2a cells. The cells were transfected with a 

CAT reporter plasmid containing the full-length (-1099 to +105) APP promoter, and 

CAT activity was measured after a 48h period of incubation in the absence or 

presence of 5 nM T3. Right panel shows CAT activity in N2a cells cotransfected 

with the reporter plasmid along with an expression vector for TR or with an empty 

non-coding vector (pSG5-0). Data are expressed relative to the corresponding 

control values (100%), and are mean ± S.D. of CAT activity determined in three 

independent transfections. 

 

 

FIG. 3 Identification of DNA regions mediating the negative response of T3 on 

the APP promoter. 

 

N2a-  cells were transiently transfected with pBL-CAT plasmids containing 

progressive deletions of the APP promoter. A schematic representation showing the 

size of the APP constructs, as well as the position of the two AP-1 sites, is shown at 

the left of the graph. CAT activity was determined after 48h of incubation in the 

presence or absence of T3. Data are expressed relative to CAT activity obtained 

with the construct containing the -1099 to +105 bp fragment, and are mean ± S.D. 

of CAT activities obtained from  two separate experiments performed with 

duplicates. 

 

FIG. 4�  The AF-2 domain of TR is required for the negative response to T3. 

 

CAT activity of the reporter gene containing the -1099 to +105 bp region of the APP 

promoter was determined in parental N2a cells transfected with expression vectors 

encoding the wild type or mutant TRs, after 48 hours of incubation in the absence or 

presence of 5 nM T3. Data are expressed relative to the activity obtained in cells 

transfected with the empty noncoding pSG5 vector. 
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FIG. 5 Gel retardation analysis of TR , RXR and TR /RXR binding to 

nucleotide sequences of the -15 to +102 region of the APP promoter.  

 

Illustrated at the top of the figure is the nucleotide sequence of the -15 to +102 bp 

region. Potential TR-binding sites are indicated by bold characters. Nucleotide 

identity with the consensus sequence (AGGTCA) is indicated by small black 

squares on the characters. The arrows indicate the position and orientation of 

potential half-sites. The oligonucleotides used in the gel retardation assays (-

10/+15; +13/+37; and +75/+101) are also indicated. Panel B shows the results 

obtained in a representative assay carried out with in vitro translated TR and RXR. 

First and second columns of each group are controls obtained with the 

corresponding unlabeled probe or lysate alone, respectively.  

 

FIG. 6 Characterization of the E3 TR-binding site of the APP gene.  

 

In the upper panels, gel-mobility shift assays were carried out with a radiolabeled 

probe (+75/+101) containing the binding site and surrounding nucleotides and in 

vitro translated TR and RXR (2 µl).  When indicated the proteins were incubated 

with 200 nM T3. A 5- and 50-fold excess of the unlabeled probe, the palindromic 

element TREpal, or an unrelated oligonucleotide was used for competition studies. 

In the lower panel, the assays were performed with the labeled oligonucleotide and 

5 µg of nuclear extracts obtained from control N2a-  cells and from cells treated 

with T3. The composition of the retarded bands was tested by incubation with 1 µl 

of anti-TR ( TR) or anti-RXR ( RXR) antibodies. Competition experiments were 

carried out in the presence of a 50-fold excess of the same oligonucleotides used in 

the upper panel. The mobility of the TR/RXR heterodimers, as well as a not 

identified band (n.i.) are indicated by arrows. 

 

FIG. 7 A fragment of the APP gene containing the E3 element confers T3 

responsiveness to a heterologous TK promoter. 

 

N2a cells were transfected with a TK-CAT reporter gene, or with the same construct 

containing the +55/+102 bp region of the APP gene inserted upstream of the TK 

promoter (TREAPP-TK-CAT). The reporter vectors were cotransfected with a TR  

expression vector (pSG5-TR), or with a non-coding vector (pSG5-0). CAT activity 

was determined after 48 hours of incubation in the presence or absence of 5 nM 
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T3. Results are expressed relative to the value obtained in cells transfected with the 

TREAPP-TK-CAT construct in the absence of T3. Data are the mean CAT activities 

obtained from two independent experiments. 
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