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The alternative polyadenylation of the mRNA encoding the amyloid precursor protein (APP) involved in
Alzheimer’s disease generates two molecules, with the first of these containing 258 additional nucleotides in the
3ⴕ untranslated region (3ⴕUTR). We have previously shown that these 258 nucleotides increase the translation
of APP mRNA injected in Xenopus oocytes (5). Here, we demonstrate that this mechanism occurs in CHO cells
as well. We also present evidence that the 3ⴕUTR containing 8 nucleotides more than the short 3ⴕUTR allows
the recovery of an efficiency of translation similar to that of the long 3ⴕUTR. Moreover, the two guanine
residues located at the 3ⴕ ends of these 8 nucleotides play a key role in the translational control. Using gel
retardation mobility shift assay, we show that proteins from Xenopus oocytes, CHO cells, and human brain
specifically bind to the short 3ⴕUTR but not to the long one. The two guanine residues involved in the
translational control inhibit this specific binding by 65%. These results indicate that there is a correlation
between the binding of proteins to the 3ⴕUTR of APP mRNA and the efficiency of mRNA translation, and that
a GG motif controls both binding of proteins and translation.
(36). This complex is supposed to promote the initiation of
translation of capped mRNA by promoting the recruitment of
the 40S ribosomal subunit (40). In addition, the PABP was also
demonstrated to interact with eukaryotic initiation factors (11,
17). The interaction of PABP with different components of the
preinitiation complex of translation might explain why a sequence located downstream of a coding region is able to control translation.
Adenosine-uridine rich (AUR) sequences within the 3⬘UTR
are known to affect mRNA translation (3, 43, 44). In this case,
the mechanism involved in the regulation of translation is not
clearly understood. Indeed, AUR sequences have been demonstrated to reduce the stability of mRNA (16), but in some
cases AUR sequences inhibit translation without affecting the
mRNA stability (15). Proteins can interact with AUR sequences (2, 19, 24, 42), and some of these protein-AUR complexes can either increase mRNA stability (27) or decrease
their translational efficiency (10, 46).
In erythroblasts, inhibitory proteins have been purified and
demonstrated to interact with oligonucleotide repeats present
in the 3⬘UTR of the lipoxygenase mRNA (25).
We have previously shown that alternative polyadenylation
of amyloid precursor protein (APP) mRNA generates two sets
of transcripts which differ by the length of their 3⬘UTR and by
their translational efficiency (5). The 258 nucleotides (nt) located within the two utilized polyadenylation sites are clearly
involved in the modulation of translation. In this study, we
demonstrate that the addition of only 8 nt to the short mRNA
allows the recovery of an efficiency of translation similar to that
of the long mRNA.
Since recent data show that protein-3⬘UTR complexes are
involved in the regulation of translation (14, 25, 29, 39), we
have also investigated a possible interaction between proteins
and the 3⬘UTR of the APP mRNA. We demonstrate that
proteins specifically bind to the 3⬘UTR of the short APP
mRNA. The same proteins do not interact with the long

The control of gene expression governs cell differentiation.
The first step of this control is provided by the transcription of
specific genes. In eucaryotic cells, the scanning of a gene by the
RNA polymerase II leads to the production of a nuclear transcript which, in most cases, will undergo three major modifications: capping of its 5⬘ untranslated region (5⬘UTR), polyadenylation of the 3⬘UTR, and splicing of introns (13, 38).
At the postranscriptional level, the efficiency of translation
of mature mRNA can also regulate gene expression. The phosphorylation of initiation factors of translation, which interact
with the 5⬘ end of mRNAs, has been demonstrated to modulate translation (21, 31).
The presence of secondary structures in the 5⬘UTR can also
influence mRNA translation either by increasing the binding
affinity of some eucaryotic initiation factors (18) or by interacting with cellular proteins which can completely inhibit the
initiation of translation (9, 33).
Although the 3⬘UTR is located downstream of the coding
sequence, it has been widely demonstrated that this region can
also modulate mRNA translation (41). The poly(A) tail is one
element of the 3⬘UTR implicated in both the stability of
mRNA and the regulation of its translation (34). The poly(A)
tail can increase the stability of an mRNA molecule by protecting the mRNA from digestion by 3⬘35⬘ exonucleases (7).
A more dynamic role has been attributed to the poly(A) tail
since it was demonstrated that its removal from the 3⬘ end of
capped mRNA decreases translation (22, 37). In Saccharomyces cerevisiae the enhancement of translation mediated by the
poly(A) tail requires the formation of a complex between the
poly(A) tail and a poly(A) binding protein (PABP) since the
depletion of the PABP results in the inhibition of translation
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3⬘UTR. The addition of 8 nucleotides to the short 3⬘UTR
inhibits the specific binding of proteins and induces a concomitant increase of translational efficiency.
MATERIALS AND METHODS

natant was recovered and aliquoted at ⫺80°C. Protein concentration was determined with the Bio-Rad protein assay kit.
Mobility shift assay. Radiolabeled 3⬘UTR-L (344 nt), 3⬘ UTR-2G (88 nt), and
3⬘ UTR-S (86 nt) were transcribed in vitro from the pSP64 APP plasmid restricted by BamHI, XmaI, and SmaI, respectively. [␣-32P]UTP-labeled 3⬘UTR
mRNA (2.2 fmol) was incubated on ice in 16 l of a solution containing either
10 g of proteins or water (control), 20 g of yeast tRNA, 149 U of HPRI and
8 l of reaction buffer (Tris [20 mM, pH 7.4], MnCl2 [0.5 mM], KCl [100 mM],
CaCl2 [20 mM], ZnCl2 [0.5 mM], dithiothreitol [1 mM], glycerol [5%]). For
competition experiments, a 50⫻ molar excess of unlabeled 3⬘UTR mRNA was
added to the reaction mixture prior to the addition of labeled probe. After 20
min of incubation, 20 U of RNase T1 was added to the sample, which was further
incubated for 45 min at 37°C. Sample was then loaded on a 5% nondenaturing
polyacrylamide gel prepared in TBE buffer (Tris [89 mM], boric acid [89 mM],
EDTA [2 mM, pH 8]) and electrophoresed at a constant current (30 mA) for 3
to 4 h. The gel was then dried and subjected to autoradiography on X-Omat film
(Kodak).

RESULTS
The 3ⴕUTR of APP mRNA regulates translation in the absence of a poly(A) tail. We have previously shown that the APP
mRNA uses two polyadenylation sites separated by 258 nt. In
Xenopus oocytes, the APP mRNA with the long 3⬘UTR
(APP-L) was translated three times more efficiently than the
APP mRNA with the short 3⬘UTR (APP-S). When the 3⬘UTR
of the APP mRNA [2871 to poly(A) tail in Fig. 1] was cloned
downstream of the CAT cDNA sequence, the in vivo translation of these polyadenylated chimeric mRNAs in Xenopus oocytes indicated that the long mRNA produced two times more
protein than the short one (5). Since the poly(A) tail was
demonstrated to be able to influence translation (22), we first
measured whether the difference in translation was confirmed
after removal of the poly(A) sequence from the long and the
short chimeric mRNAs.
A PstI-BamHI PCR fragment amplified from the long
3⬘UTR of APP mRNA (Fig. 1) was cloned in the pSP64CAT
vector (Fig. 2A). In vitro transcription performed after linearization with BamHI generated the long chimeric CAT mRNA
bearing the 3⬘UTR-L of APP mRNA (CAT-L), which is not
polyadenylated. When the same construct was linearized with
SmaI (Fig. 2A), in vitro transcription allowed us to produce a
short chimeric CAT mRNA bearing the 3⬘UTR-S of APP
mRNA (CAT-S), which is not polyadenylated. The 3⬘UTR of
this last messenger contains 6 nt more than the short 3⬘UTR
previously described (5) (Fig. 1).
CAT-S and CAT-L mRNAs were injected in Xenopus oocytes, and the CAT activity was measured 6 h later as previously described (5). The results in Fig. 2B shows that more
CAT activity was measured from CAT-L than from CAT-S
mRNA although Northern blot analysis showed that similar
amounts of both mRNAs were recovered from injected oocytes. Quantification of several CAT assays indicated that
CAT-L produces 2.9 ⫾ 0.4 (mean ⫾ standard deviation) (n ⫽
5) times more CAT activity than CAT-S.
A 1.9-fold difference was previously measured with constructs containing a poly(A) sequence (Table 1). We conclude,
therefore, that the difference of in vivo translation between the
long and the short mRNAs is still observed when mRNAs are
not polyadenylated.
It has been demonstrated that the enhancement of translation mediated by the poly(A) tail needs the presence of a
PABP which can interact with eucaryotic initiation factors (17),
thus facilitating the reinitiation of translation. The PABP expression is developmentally regulated in Xenopus oocytes, and
its mRNA is translated from the blastula stage (47). Since all
the in vivo translations were performed in stage VI oocytes, the
absence of PABP at this stage could explain why the polyadenylation of mRNAs is dispensable for the control of mRNA
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Plasmid constructions. The sequence from the 3⬘UTR of the APP695 cDNA
was amplified from the pHMG695 plasmid (4) with a sense oligonucleotide
(5⬘GTGCACACATTAGGCATTGAGAC3⬘) and an antisense oligonucleotide
(5⬘GGATCCGGATCCGCTCCTCCAAGAATGTATT TATTTAC3⬘). A PstIBamHI fragment of this PCR product was cloned in the PstI-BamHI sites of
either the pSP64CAT plasmid (5) or the pSP64 plasmid to obtain pSP64CAT
APP and pSP64 APP, respectively.
Cell culture. CHO cells were cultured at 37°C under 5% CO2 in Ham’s F-12
medium with L-glutamine (Biowhitaker) supplemented with 10% fetal calf serum
(Biowhitaker), penicillin, and streptomycin.
In vitro transcription and production of 32P-labeled probes. Four micrograms
of pSP64CAT APP or pSP64 APP plasmids was linearized with BamHI, XmaI,
or SmaI. They were then transcribed with 40 U of SP6 RNA polymerase (Boehringer Mannheim) in 60 l of reaction buffer containing 149 U of RNase inhibitor
(HPRI; Amersham Pharmacia Biotech) and a 1 mM concentration of each
nucleotide triphosphate. Samples were incubated for 1 h at 37°C prior to the
addition of 15 U of RNase-free DNase (GIBCO-BRL). A further incubation of
20 min at 37°C allowed the digestion of the DNA template. The transcripts were
then filtered on Sephadex G-50 columns, phenol-chloroform extracted, ethanol
precipitated, and lyophilized. The mRNA was resuspended in deionized water
and analyzed on agarose gels. For transcripts used in in vivo translation experiments, 7-methyl guanosine (Boehringer Mannheim) was added to the mixture
and the concentration of GTP was reduced to 167 M. Radiolabeled probes
were transcribed from 1 g of linearized DNA in the presence of 100 Ci of
[␣-32P]UTP (800 Ci/mmol; Amersham Pharmacia Biotech), 72 M unlabeled
UTP, and an 800 M concentration of each of the remaining three unlabeled
nucleotide triphosphates. The approximate concentration of the labeled probes
was calculated according to the specific activity of [␣-32P]UTP, the percentage of
UTP molecules in each transcript, and the percentage of [␣-32P]UTP incorporation in the synthesized probe.
Addition of a poly(A) tail was performed in vitro using poly(A) polymerase
(Pharmacia Biotech). Briefly, 1 g of mRNA was incubated for 30 min at 37°C
in 50 l of Tris buffer (40 mM Tris-HCl [pH 8], 10 mM MgCl2, 2.5 mM MnCl2,
250 mM NaCl, 50 g of bovine serum albumin per l) containing 250 M of ATP
and 2 U of poly(A) polymerase. The transcripts were ethanol precipitated and
further sequenced to determine the length of the poly(A) tail.
The chloramphenicol acetyltransferase (CAT) antisense riboprobe used in the
Northern blot analyses was synthesized in the presence of T7 RNA polymerase
from the pGEM CAT linearized with PstI.
In vivo translation of capped mRNA. For translation in Xenopus oocytes, the
capped mRNAs were diluted in deionized water to a final concentration of 100
ng/l. They were then injected in stage VI Xenopus oocytes (50 nl of mRNA
solution/oocyte) in which they were translated at room temperature for 6 h.
During the in vivo translation, the oocytes were incubated in Marc’s modified
Ringer’s solution. The oocytes were then immersed in liquid nitrogen to stop the
translation process. Translation in CHO cells was performed by transfection of
106 cells with 2 g of capped mRNA using the Lipofectamine reagent from
Gibco. After 4 h incubation, the cells were scrapped, harvested by centrifugation
at 200 ⫻ g, and stored at ⫺80°C.
CAT assay. Xenopus oocytes were crushed in a 250 mM Tris solution (50
l/oocyte) and CHO cells were lysed in the same solution by three freezingthawing steps. The amount of CAT protein produced after translation was
evaluated by the CAT assay described by Gorman et al. (8). The quantification
of the CAT assay was performed using a phosphorimager (Molecular Dynamics).
RNA isolation. The injected oocytes were crushed in 500 l of a Tris solution
(10 mM, pH 7.4) containing NaCl (150 mM), EDTA (1 mM), and 100 g of
proteinase K. Following phenol-chloroform extraction, total RNA was ethanol
precipitated and resuspend in water.
Total RNA from CHO cells was extracted from the pellet using the Tripure
reagent from Boehringer Mannheim.
Northern blot analysis. Ten micrograms of total RNA was denatured in a
solution containing dimethyl sulfoxide, glyoxal, and 10 mM phosphate buffer;
loaded on 1% agarose gel, and transferred after migration on nylon membrane
Hybond-N (Amersham Pharmacia Biotech). The membrane was hybridized for
16 h at 65°C with the CAT antisense riboprobe in 5⫻ SSC (1⫻ SSC is 0.15 M
NaCl plus 0.015 M sodium citrate)–50% formamide–0.5% sodium dodecyl sulfate (SDS) solution, then washed twice for 30 min at 68°C in 2⫻ SSC–1.5% SDS
solution and twice for 30 min at 72°C in 0.2⫻ SSC–1% SDS solution.
The 18S and 28S rRNAs were revealed using methylene blue staining (20).
Preparation of cellular and tissular extracts. Stage VI oocytes, CHO cells, or
brain tissues were homogenized on ice with a Potter homogenizer in 2 volumes
of Tris buffer (50 mM, pH 7.5) containing glycerol (25%), KCl (50 mM), EDTA
(0.1 mM), and dithiothreitol (0.5 mM) in the presence of protease inhibitors
phenylmethylsulfonyl fluoride [1 mM], leupeptin (1 g/ml) and pepstatin (0.1
g/ml). The sample was centrifuged at 4°C for 1 h at 100,000 ⫻ g. The super-
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translation in oocytes. Consequently, the influence of the
polyA tail on the regulation of translation was studied in CHO
cells.
CHO cells were transfected with the cDNA encoding either
APP-S or APP-L. The APP protein was quantified and normalized for APP mRNA. Results presented in Table 1 show
that the APP-L mRNA produces 4.5 times more APP when
compared to the APP-S mRNA.
CHO cells were transfected with cDNA encoding either the
CAT-L or CAT-S chimeric mRNAs (5). At 48 h after transfection, the CAT activity produced by translation of the in situ
polyadenylated mRNAs was quantified and normalized for the
CAT mRNA. CAT-L mRNA was demonstrated to produce
3.3 ⫾ 0.3 (n ⫽ 3) times more CAT activity than CAT-S mRNA
(Table 1).
The nonpolyadenylated chimeric CAT-L and CAT-S mRNAs
injected in Xenopus oocytes were also transfected in CHO
cells. The results presented in Fig. 2C indicate that more CAT
activity was measured from CAT-L mRNA. After Northern
blot analysis, CAT-L mRNA was more abundant in CHO cells
than CAT-S mRNA. However, quantification of several CAT
assays normalized for CAT mRNA indicates that CAT-L
mRNA produces 2.2 ⫾ 0.2 (n ⫽ 4) times more CAT activity
than CAT-S mRNA (Fig. 2C and Table 1).
Altogether, these results clearly indicate that, in both Xenopus oocytes and CHO cells, the 3⬘UTR of APP mRNA regulates translation without polyadenylation of the long and the
short mRNAs. Furthermore, we have previously demonstrated
that elongation of the short 3⬘UTR sequence with a poly(A)
tail or a sequence which is not related to APP mRNA does not
allow recovery of the efficiency of translation of the long
3⬘UTR sequence (5). This demonstrates that the nucleotide
sequence rather than the length of the sequence that follows
the short 3⬘UTR is critical for the control of translation.
Identification of the nucleotide sequence of the 3ⴕUTR of
APP mRNA involved in the regulation of translation. Since the
3⬘UTR of APP mRNA by itself regulates translation, we have

tried to localize the nucleotide sequence responsible for this
regulation. Therefore, elongation of the short 3⬘UTR was performed and the possible influence on translation was monitored. Linearization of the CAT-APP 3⬘UTR construct with
SmaI allowed us to add 6 nt to the short 3⬘UTR (Fig. 1). In
vivo translation of the CAT-S and CAT-L mRNA demonstrates that these additional nucleotides failed to restore the
efficiency of translation (Fig. 2). The CAT-APP 3⬘UTR construct was then linearized by XmaI. The XmaI site is located in
the 3⬘UTR of the APP mRNA at position 2958 (Fig. 1). This
allowed us to produce the CAT-2G mRNA, which differs from
the CAT-S mRNA by only two additional G residues at the 3⬘
end (Fig. 3A).
After 6 h of in vivo translation in Xenopus oocytes, the
CAT-2G mRNA produced more CAT activity than the CAT-S
mRNA (Fig. 3B). Northern blot analysis (Fig. 3B) showed,
however, that this is not related to the recovery of a larger
amount of CAT-2G mRNA from injected oocytes. Quantification of several CAT assays indicated that CAT-2G mRNA
produces 2.73 ⫾ 0.3 (n ⫽ 3) times more CAT activity than
CAT-S mRNA (Fig. 3B).
In vitro transcribed CAT-2G and CAT-S mRNA were also
transfected in CHO cells. The CAT activity was quantified and
normalized for CAT mRNA. CAT-2G mRNA produces 3.1 ⫾
0.6 (n ⫽ 3) more CAT activity than CAT-S mRNA (Fig. 3C).
Altogether, these results demonstrate that elongation of the
short 3⬘UTR by the next 3⬘ 8 nt increases translation to the
level observed with the long 3⬘UTR. This translational control
is particularly dependent on the presence of the two G residues
localized at the 3⬘ end of this 8 nt sequence.
Interaction between the 3ⴕUTR of APP mRNA and proteins.
Since interactions between proteins and the 3⬘UTR of mRNAs
are involved in the regulation of translation (24), it was of
interest to determine whether proteins from Xenopus oocytes
or CHO cells could bind to the 3⬘UTR of APP mRNA.
The PstI-BamHI fragment of the long 3⬘UTR of APP
mRNA (Fig. 1) was cloned in the pSP64 plasmid. After linear-
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FIG. 1. Nucleotide sequence of the 3⬘UTR of APP mRNA. The PstI-BamHI fragment involved in the translational control was amplified by PCR and cloned
downstream of a CAT reporter gene. Boxes indicate the two polyadenylation sites used by the APP mRNA. Restriction sites used for linearization or cloning are
underlined. Arrows indicate the position of the poly(A) tail on the short or the long 3⬘UTR. The translation termination codon is indicated in boldface type. The
sequence is numbered according to the numbering of Kang et al. (12).
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ization with BamHI, SmaI, and XmaI, the mRNA corresponding to the long 3⬘UTR (3⬘UTR-L), the short 3⬘UTR (3⬘UTRS), and the short 3⬘UTR elongated with two guanine residues
(3⬘UTR-2G) were generated by in vitro transcription and used
in electrophoretic mobility shift assay.
When incubated in the presence of a protein extract from
Xenopus oocytes, radiolabeled 3⬘UTR-L failed to interact with
proteins (Fig. 4 and 5A). On the contrary, 3⬘UTR-S mRNA
interacts with proteins, and different RNA-protein complexes

are formed (Fig. 4 and 5A). Some of these complexes appeared
to result from a specific interaction, since a 50-fold molar
excess of unlabeled short 3⬘UTR mRNA completely abolished
the formation of these RNA-protein complexes (Fig. 4 and
5A). Addition of an 80-residue poly(A) tail to 3⬘UTR-S does
not inhibit the interaction of this short sequence with the same
proteins (Fig. 4). This indicates that the nucleotide sequence
rather than the length of 3⬘UTR-L is critical for the binding of
proteins.

TABLE 1. Regulation of translation by the 3⬘UTR of the APP mRNAa
Cell type

Poly(A) status of APP 3⬘UTR

CAT-L/CAT-S

CAT-2G/CAT-S

Xenopus oocyte

⫺
⫹
⫺
⫹

2.9 ⫾ 0.4 (n ⫽ 5)
1.9 ⫾ 0.3 (n ⫽ 3)
2.2 ⫾ 0.2 (n ⫽ 4)
3.3 ⫾ 0.3 (n ⫽ 3)

2.7 ⫾ 0.3 (n ⫽ 3)

CHO
a

3.1 ⫾ 0.6 (n ⫽ 3)

APP-L/APP-S

3
4.5

The long or short 3⬘UTR of APP mRNA or the short 3⬘UTR with two additional G residues of APP mRNA was cloned downstream the CAT or the APP coding
sequence. These mRNAs containing (⫹) or not containing (⫺) a poly(A) sequence were translated in Xenopus oocytes or in CHO cells. The efficiency of translation
is expressed as the ratio of the quantified proteins produced by each of the translated mRNA.
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FIG. 2. (A) The pSP64CAT APP plasmid results from the cloning of the PstI-BamHI PCR fragment of the 3⬘UTR of APP mRNA downstream of the CAT reporter
gene. This construct was digested with SmaI or BamHI to produce CAT-S and CAT-L mRNAs after in vitro transcription. These mRNAs were translated in Xenopus
oocytes (B) as well as in CHO cells (C). Typical CAT assays were performed with extracts from both cellular models. Northern blot analysis was performed with a CAT
antisense riboprobe, and the rRNAs were visualized by methylene blue staining of the membranes. Phosphorimager quantification of several CAT assays indicates that
in Xenopus oocytes (B) or in CHO cells (C), CAT-L mRNA produces 2.9 ⫾ 0.4 (n ⫽ 5) and 2.2 ⫾ 0.2 (n ⫽ 4) times more CAT activity than CAT-S mRNA, respectively.
Results are expressed as means ⫹ standard deviations (error bars).
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When incubated with the same cellular extracts from Xenopus oocytes, 3⬘UTR-2G mRNA forms mRNA-protein complexes (Fig. 5A), with a pattern identical to that observed with
the 3⬘UTR-S mRNA (Fig. 5A). Furthermore, a 50-fold molar
excess of unlabeled 3⬘UTR-S mRNA was able to prevent the
formation of the same specific complexes (Fig. 5A), indicating
that the same proteins bind to both 3⬘UTR-S and 3⬘UTR-2G
mRNAs. However, the amount of 3⬘UTR-2G mRNA found in
complexes is much lower as compared to the 3⬘UTR-S mRNA.
To further analyze this difference, the same amount of either
3⬘UTR-S or 3⬘UTR-2G mRNA at the same specific radioactivity was incubated in the presence of increasing concentrations of proteins from Xenopus oocytes, and the radioactivity
associated with the complexes was quantified. The saturation
curves shown in Fig. 5C indicate that the addition of two
guanine residues to 3⬘UTR-S decreased by 70% the amount of
complexes formed.
When incubated with CHO cell extracts, the 3⬘UTR-L probe
failed to interact with proteins (Fig. 5B). On the contrary,
3⬘UTR-S mRNA formed specific complexes with proteins
from CHO cells (Fig. 5B). The 3⬘UTR-2G mRNA interacts

with the same proteins as 3⬘UTR-S, since a 50⫻ molar excess
of unlabeled 3⬘UTR-S mRNA prevents the formation of the
complexes with the radiolabeled 3⬘UTR-2G mRNA (Fig. 5B).
However, the addition of two guanine residues to the 3⬘UTR-S
mRNA decreases by 62% the amount of complexes formed
(Fig. 5D).
Interestingly enough, in both Xenopus oocytes and CHO
cells, this higher capacity of 3⬘UTR-S to form complexes is
linked to a lower translation efficiency of the CAT-S mRNA
compared to that of CAT-2G mRNA. Furthermore, proteins
which interact with 3⬘UTR-S do not form complexes with
3⬘UTR-L, which drives a better translation of a coding sequence. Therefore, a possible function of these proteins as
inhibitors of translation cannot be excluded.
3ⴕUTR-S forms complexes with proteins from human brain
extracts. In both Xenopus oocytes and CHO cells, mRNAs
bearing the 3⬘UTR-L are better translated than those bearing
the 3⬘UTR-S. This difference in translation efficiency correlates with the specific binding of proteins to 3⬘UTR-S. To
investigate whether such 3⬘UTR-protein interactions could occur in the human brain, radiolabeled 3⬘UTR-S and 3⬘UTR-L
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FIG. 3. (A) The pSP64CAT APP plasmid was linearized with SmaI or XmaI to produce CAT-S and CAT-2G mRNAs. These mRNAs were translated in Xenopus
oocytes (B) as well as in CHO cells (C). Typical CAT assays were performed with extracts from both cellular models. Northern blot analysis was performed with a CAT
antisense riboprobe, and the rRNAs were visualized by methylene blue staining of the membranes. Phosphorimager quantification of several CAT assays indicates that
in Xenopus oocytes (B) or in CHO cells (C), CAT-2G mRNA produces 2.7 ⫾ 0.3 (n ⫽ 3) and 3.1 ⫾ 0.6 (n ⫽ 3) times more CAT activity than CAT-S mRNA,
respectively. Results are expressed as means ⫹ standard deviations.
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mRNA were incubated in the presence of a human brain
extract. Interestingly enough, radiolabeled 3⬘UTR-L mRNA
failed to form complexes, while the 3⬘UTR-S mRNA specifically interacted with human brain proteins (Fig. 6). Therefore,
these results suggest that the translational control by the
3⬘UTR of APP mRNA could occur in the human brain as well.
DISCUSSION
Alternative polyadenylation, a mechanism used by numerous genes (6), results in the production of mRNA molecules
differing in the length of their 3⬘-terminal exon. These mRNAs
generally encode the same protein, and the alternative polyadenylation could appear to be of low importance in cellular
function. Nevertheless, recent data have demonstrated that the
preferential use of a polyadenylation site could be associated
with a modification of either the stability of the mRNA or the
efficiency of its translation (5, 23, 30).
The mRNA encoding the APP involved in Alzheimer’s disease uses two polyadenylation sites. This generates a long and
a short mRNA, the former containing 258 additional nt in the
3⬘UTR. We have previously shown that, compared to the short
polyadenylated 3⬘UTR, the long polyadenylated 3⬘UTR enhances the translation of APP mRNA (5). We wondered
whether the full-length 258 nt sequence could enhance translation without the presence of a poly(A) tail. We also investigated the region of this 258-nt sequence which was implicated
in the regulation of translation. Finally, we have studied the
possible role of interactions between proteins and the 3⬘UTR
of APP mRNA in the modulation of translation.
The 3ⴕUTR of APP mRNA by itself modulates translation,
without the presence of a poly(A) tail. Nonpolyadenylated chimeric CAT mRNAs, either CAT-L or CAT-S, were injected in
Xenopus oocytes or transfected in CHO cells. In these two
cellular models, the CAT-L mRNA was translated more efficiently than the CAT-S mRNA (Fig. 2D; Table 1). These
results clearly indicate that the 3⬘UTR of APP mRNA by itself
regulates translation in Xenopus oocytes and CHO cells, even
without the polyadenylation of the long and the short mRNAs.

Addition of 8 nt 3ⴕ to the APP-S mRNA results in an enhanced efficiency of translation. To study the sequence of the
3⬘UTR involved in the modulation of translation of the APP
mRNA (5), 8 nt of the long 3⬘UTR of APP mRNA was added
to the APP-S mRNA. We demonstrate that the addition of
these 8 nt is sufficient to abolish the relative inhibition of the
short mRNA translation (Fig. 3). This regulation occurs in
both Xenopus oocytes and CHO cells. Interestingly, the two
guanine residues of the 3⬘ end of this 8-nt sequence play a key
role in the regulation of translation.
Binding of proteins to the short 3ⴕUTR of APP mRNA correlates with a decreased efficiency of translation. Numerous
cases have been reported in which the translational control is
mediated by protein-RNA interaction. Since the long 3⬘UTR
of APP mRNA increases its translation, we wondered whether
this could result from the binding of an activator of translation
to this sequence.
Surprisingly, our data show that the long 3⬘UTR failed to
interact with proteins from Xenopus oocytes, CHO cells, and
human brain homogenate. On the contrary, the short 3⬘UTR
specifically interacts with proteins. Addition of the two guanine
residues 3⬘ to the 3⬘UTR-S results in a 65 to 70% decrease of
the amount of RNA-protein complexes formed. This difference related to the presence of 2 additional nt could result
from the alteration of a stable structure needed for the formation of the complexes. In CHO cells as well as in Xenopus
oocytes, the lack of complexes (3⬘UTR-L) or a decrease of the
amount of the mRNA found in complexes (3⬘UTR-2G) correlates with an increased efficiency of translation. On the contrary, an efficient and specific binding of 3⬘UTR-S to proteins
correlates with a decreased efficiency of translation. Therefore,
proteins involved in the formation of these complexes could be
involved in the translational control of the APP mRNA.
Although the nucleotide sequence involved in the specific
APP mRNA-protein interactions is present in both the short
and the long 3⬘UTR, the specific complexes are only found
with the short 3⬘UTR. The absence of these specific interactions between proteins and the long 3⬘UTR could result from
the presence of secondary structures in the long nucleotide
sequence.
The nucleotide sequence rather than the length of the sequence following the short 3⬘UTR of APP mRNA seems of
importance to prevent the formation of complexes. Indeed,
addition of 80 A residues to this short 3⬘UTR by poly(A)
polymerase has no effect on the binding of the proteins to the
short sequence.
Different translational controls of APP mRNA have been
recently reported. In the 5⬘UTR, APP mRNA contains a sequence homologous to the iron-responsive element which
modulates translation in response to interleukin 1 stimulation
of astrocytoma cells (32). In the 3⬘UTR, a 29-oligonucleotide
element (28, 45) and an 81-oligonucleotide element (1) have
been demonstrated to increase the stability of the APP mRNA
through protein-mRNA interactions. These stabilizing elements are located upstream of the regulatory sequence reported here and have no homology with our cis sequence.
These different posttranscriptional controls of APP mRNA
translation and stability could be of importance, since the overproduction of APP could be related to the development of the
characteristic neuropathological lesions of Alzheimer’s disease
(35). Such an overproduction of APP has been well documented in Down’s syndrome patients and is related to the
trisomy of the chromosome 21, which carries the APP gene. In
these patients, abundant senile plaques and neurofibrillary tangles are found in adult brain. In patients with Alzheimer’s
disease, the number of APP genes is the same as that in normal
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FIG. 4. The PstI-BamHI PCR fragment of the 3⬘UTR from APP mRNA
(Fig. 1) was cloned downstream of the SP6 promoter of the pSP64 plasmid. This
plasmid was digested with BamHI or SmaI. The linearized plasmids were in vitro
transcribed to produce 3⬘UTR-L and 3⬘UTR-S. These probes were tested for
their ability to bind proteins from Xenopus oocyte. The longer radiolabeled
3⬘UTR (3⬘UTR-L) failed to interact with proteins from Xenopus oocytes, while
the shorter radiolabeled 3⬘UTR (3⬘UTR-S) was able to form specific complexes,
as demonstrated by competition with a 50-fold excess of the same cold probe.
Addition of an 80-residue poly(A) tail to the radiolabeled 3⬘UTR-S (3⬘UTR-SA)
does not interfere with the binding of these proteins.
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subjects (26), but the control of translation and stability of the
APP mRNA could modify APP production without additional
copy of the APP gene. The further identification of proteins
which could inhibit APP mRNA translation by interacting with
its 3⬘UTR will be useful in controlling the production of APP,
which is transformed into amyloid peptide, the major constituent of the amyloid core of senile plaques of Alzheimer’s
disease.

FIG. 6. Interaction of the 3⬘UTR of APP mRNA with proteins from human
brain. When incubated with human brain extracts, 3⬘UTR-L failed to interact
with proteins. On the contrary, 3⬘UTR-S shows specific interaction.
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