
Abstract. Uncoupling protein 2 (UCP2) belongs to a 
family of transporters of the mitochondrial inner mem-
brane. In vivo low expression of UCP2 contrasts with 
a high UCP2 mRNA level, and induction of UCP2 ex-
pression occurs without change in mRNA level, dem-
onstrating a translational control. The UCP2 mRNA is 
characterized by a long 5′ untranslated region (5′UTR), in 
which an upstream open reading frame (uORF) codes for 
a 36-amino-acid sequence. The 5′UTR and uORF have 

an inhibitory role in the translation of UCP2. The pres-
ent study demonstrates that the 3′ region of the uORF 
is a major determinant for this inhibitory role. In this 
3′ region, a single-base substitution that kept the codon 
sense unchanged significantly modified UCP2 transla-
tion, whereas some important amino acid changes had 
no effect. We discuss our results within the framework 
of the existing models explaining initiation of translation 
downstream of a uORF.
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The mitochondrial uncoupling proteins [UCPs] are lo-
cated in the mitochondrial inner membrane where they 
are thought to act as regulated protonophores. The proton 
leak catalyzed by UCP1 in mammalian brown adipose 
tissue is large enough to fully uncouple mitochondrial 
respiration from ATP synthesis. This leads to increased 
energy expenditure and thermogenesis. UCP2 and UCP3 
are thought to lead to a moderate uncoupling, which is 
believed to modulate the ATP/ADP ratio for signaling 
purposes [1]. However, UCP2 and UCP3 seem to have 
arisen evolutionarily to prevent superoxide production 
by mitochondria [2–8]. Increases in UCP2 expression 
are clearly associated with situations in which oxidative 
stress occurs. Furthermore, Ucp2 gene inactivation leads 
to an increase in oxygen radical production by macro-
phages, which could have both positive and negative 
consequences [7, 8]. Expression of UCP2 is regulated at 

the level of transcription: the UCP2 mRNA is expressed 
at variable levels in different tissues [9, 10] and varia-
tions are recorded according to nutritional or hormonal 
status [11]. Post-transcriptional mechanisms also exist: 
in response to certain stimuli, an increase in the expres-
sion of UCP2 in vivo can be observed without a change 
in UCP2 mRNA level [10]. Experiments using inhibi-
tors of translation confirmed that this regulation occurs 
at a translational level. In vivo, UCP2 mRNA is easily 
detectable in many tissues, whereas protein expression is 
low in mitochondria, where it is hardly detectable [10]. 
Therefore, translation of UCP2 seems greatly inhibited 
in vivo. Expression vectors containing wild-type or mu-
tated UCP2 cDNA, transfected into mammalian cells in 
culture, allowed a preliminary identification of sequences 
responsible for this constitutive translational inhibition. 
These studies identified the long sequence upstream of 
the UCP2 coding frame and, more precisely, the short 
111-nucleotide open reading frame (ORF1) as critical 
for translation inhibition [10]. More recent studies have 

Research Article

Translation control of UCP2 synthesis by the upstream open 
reading frame
C. Hurtaud†, C. Gelly†, F. Bouillaud and C. Lévi-Meyrueis*

BIOTRAM, CNRS UPR9078, Université René Descartes, Faculté de Médecine Necker Enfants Malades, 156 rue de 
Vaugirard 75730 Paris (France), Fax: +33 1 4061 5673, e-mail: levi-meyrueis@necker.fr

Received 22 March 2006; received after revision 19 May 2006; accepted 8 June 2006 
Online First 17 July 2006

* Corresponding author.
† These authors contributed equally to this work.

Cell. Mol. Life Sci. 63 (2006) 1780–1789
1420-682X/06/151780-10
DOI 10.1007/s00018-006-6129-0
© Birkhäuser Verlag, Basel, 2006

Cellular and Molecular Life Sciences



Cell. Mol. Life Sci.  Vol. 63, 2006 Research Article       1781

shown that the 3′ untranslated region of UCP2 mRNA, 
by binding to hnRNPK protein, also likely plays a role 
in regulating UCP2 expression [12]. ORF1 is remarkably 
conserved during evolution [13]. It is located 122 nucleo-
tides downstream from the 5′ cap, contains three AUG 
codons in frame, and encodes a 36-amino-acid peptide 
whose existence has not yet been demonstrated (Fig. 1). 
The term ORF1 will refer in this paper to this 111-nucleo-
tide stretch described above, whereas the term ORF2 will 
be used to refer in this paper to the UCP2 coding frame 
that encodes the full-length UCP2 peptide.
Strict application of the known biochemical model for 
translation in eukaryotes would make the translation 
of ORF2 impossible as long as ORF1 is present. Four 
different mechanisms could account for UCP2 produc-
tion. (i) Leaky scanning occurs when the 40S ribosomal 

subunit fails to initiate at the AUG codon(s) of the first 
ORF [14]. (ii) Ribosomal shunting refers to a situation in 
which ribosomes bypass uAUGs before initiating transla-
tion, because of stable RNA secondary structures. This 
was first shown for the RNA of the cauliflower mosaic 
virus [15] and recently suggested for translation regula-
tion of the membrane protein BACE-1 [16] [but see also 
refs. 17, 18]. (iii) Internal ribosome entry site (IRES), in 
which ribosomal subunits bind to an internal sequence of 
the mRNA in a cap-independent manner [19]. (iv) Re-
initiation takes place when the 40S ribosomal subunits 
remain bound to mRNA after translation of ORF1, al-
lowing reinitiation to occur at a downstream ATG codon. 
While several examples of reinitiation showed no strict 
dependence on the amino acid sequence of ORF1 – cf. 
GCN4 [20] and maize Lc [21] – others point to the re-
quirement for the exact amino acid sequence of ORF1 in 
maintaining the downstream translation: see mammalian 
AdoMetDC [22], CPA-1 of Saccharomyces cerevisiae 
[23], arg-2 of Neurospora crassa [24] and gpUL4 of hu-
man cytomegalovirus [25, 26]. These examples illustrate 
how uORFs are involved in the physiological regulation 
of protein expression. The production of mRNAs whose 
translation can be induced is appropriate for a highly ef-
fective and rapid control of genes with critical biological 
functions. For example, the translational control of a pool 
of UCP2 mRNA could allow a rapid response to oxida-
tive stress. Mutagenesis of the UCP2 mRNA produced 
by an expression vector was undertaken to discriminate 
between the different mechanisms allowing initiation of 
translation at ORF2.

Materials and methods

Media, chemicals and antibodies. Aprotinin, bestatin, le-
upeptin, pepstatin, phenylmethylsulfonyl fluoride (PMSF), 
bicinchoninic acid kit for protein determination (BCA1), 
and rabbit, mouse and goat horseradish-peroxidase-conju-
gated antibodies were from Sigma. Dulbecco’s modified 
Eagle’s medium (DMEM), Ham’s F12 medium, phos-
phate-buffered saline (PBS), fetal calf serum (FCS), peni-
cillin, streptomycin, geneticin (G418), and TRIzol Reagent 
were from Invitrogen. Cytochrome c antibodies were from 
Santa Cruz Biotechnology (TEBU). UCP2 antibodies used 
(605 or 606) have been described before [10].

Plasmid constructions and site-directed mutagenesis. 
The expression vector pUCP2 containing the complete 
mouse UCP2cDNA (1566 bp) in the pcDNA3.1 plasmid 
(Invitrogen) and the pUCP2-ORF1 expression vector 
where an important deletion removed nucleotides 1–228 
from the UCP2 mRNA, including therefore the ORF1 se-
quence (Fig. 1), have been described previously [10]. Site-
directed mutagenesis was performed using the Quick-

Figure 1. Upstream open reading frame (ORF1) in exon 2 of the 
Ucp2 gene. The scheme at the top shows the relative nucleotide po-
sition of the uORF (ORF1) and of the UCP2 coding frame (ORF2) 
in the UCP2 mRNA as deduced from the cDNA sequence. These 
relative positions are conserved in the wild-type UCP2 vector used 
in this study. However, due to vector sequences, the start of the 
actual mRNA produced in transfected cells is not coincident. The 
three AUG codons of ORF1 and the first AUG codon of ORF2 are 
indicated. *PP46 and *PP97 indicate the modified position of the 
stop codon of ORF1 in these two mutated UCP2 expression vectors 
(see text). An alignment of amino acid sequences is shown in the 
middle of the figure. Mm, Mus musculus; Rn, Rattus norvegicus; 
Hs, Homo sapiens; Cc, Carpus carpio; Dr, Danio rerio (zebrafish). 
Conserved amino acids are shown in bold. The lower part shows 
nucleotide and amino acid sequences of the mUcp2 gene: the three 
ATGs of the nucleotide sequence are underlined. The 36 amino ac-
ids of the putative polypeptide encoded are numbered. A HindIII 
site (AAGCTT) overlaps with the last two codons; this restriction 
site was used to create the pUCP2-ORF1 deletion mutant [10].
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Change multi-site-directed mutagenesis kit (Stratagene) to 
introduce individual mutations in the ORF1 (Table 1). To 
generate PP46, the primer used to create PP97 was used in 
combination with a second primer inserting a nucleotide 
after codon 46, thus creating a new stop codon.
For the use of green fluorescent protein (GFP) as a re-
porter gene, the ORF1-ORF2 (1–11) and ORF1m-ORF2 
(1–11) fragments (326 bp) were obtained by PCR using 
the sense 5′ GCCTTCTGCACTCCTGTGTT 3′ and an-
tisense 5′ TTGGGGGCACATCTGTGGCC 3′ primers. 
Subsequent cloning in frame with the Cycle 3 GFP se-
quence in the pcDNA3.1/CT-GFP-TOPO vector (Invitro-
gen) created an expression vector with the 5′-untranslated 
region (5′UTR) of the UCP2 mRNA in front of the se-
quence coding for a fusion protein with amino acids 1–11 
of UCP2 fused to the GFP.
The bicistronic plasmid pCREL described by Huez et al. 
[27] was kindly provided by Dr. A.C. Prats. In this plasmid, 
the two luciferase genes, Renilla luciferase [LucR] and 
firefly luciferase [LucF], are controlled by the cytomega-
lovirus (CMV) promoter and separated by the encepha-
lomyocarditis virus (EMCV) IRES. For construction of 
pCRUL, NheI restriction sites were generated ahead of 
the FLuc sequence by mutation of the NcoI site and in 
pUCP2 ahead of the ATG of UCP2. By using the BamHI 
and NheI restriction sites, the EMCV IRES was replaced 
by the UCP2 5′UTR sequence amplified on pUCP2 from 
the BamHI site ahead of the 5′UTR sequence until the 
NheI site. When digested sites were repaired, their liga-
tion generated the control pCRL vector containing no 
IRES. All the constructs were sequenced.

Cell culture. The simian kidney epithelial cell line (COS-
7) and the Chinese hamster ovary (CHO-K1) cells were 
maintained in DMEM or Ham’s F12 medium supple-
mented with 10% FCS, respectively, 100 IU/ml penicillin 
and 50 μg/ml streptomycin. The cells were grown in a hu-
midified atmosphere of 5% CO2. Medium was changed 
every 2 days and cultures were serially passaged by tryp-
sinization every 5–7 days.

Transient transfection. Approximately 7 × 105 cells 
(COS-7 or CHO-K1) were seeded per 60-mm dish and 
allowed to grow without antibiotics to 90% confluency 
before their transfection with 10 μl of LipofectAMINE 
2000 and 4 μg of DNA in Opti-MEM medium. Accord-
ing to the manufacturer’s instructions, the transfection 
mixture was replaced with complete culture medium af-
ter 5 h. After 23 h in culture, transfected cells were har-
vested for UCP2 mRNA, mUCP2 protein quantitation or 
cell fluorescence measurement.
With the UCP2 expression vectors, each mutant was used 
in at least four independent transfection experiments. 
Transfection with the wild-type pUCP2 expression vector 
was included in each experiment as a reference.

Preparation of cellular extracts. Cells harvested in PBS 
were collected by centrifugation and resuspended in lysis 
buffer (50 mM Tris pH 7.8, 150 mM NaCl, 1% Nonidet 
P-40) in the presence of the same protease inhibitor mix 
as above. After 10 min incubation at 37 °C, unsolubilized 
material was eliminated by a 20-min centrifugation at 
10,000 g.

Table 1. mUCP2 mutants in uORF.

Name ATG 1 ATG 13 ATG 21 3′ end Mutation

Wild type ATG ATG ATG TTT AGA GAA GCT TGA

ATG1 ATC - - - - - - - - -   - - -   - - -    - - -   - - - initiation at 13

ATG2 - - - AGG - - - - - -   - - -   - - -    - - -   - - - Met 13/Arg

ATG3 - - - - - - TTG - - -   - - -   - - -    - - -   - - - Met 21/Leu

wo ATG ATC AGG TTG - - -   - - -   - - -    - - -   - - - no initiation

ATG3/stop - - - - - - TAG - - -   - - -   - - -    - - -   - - - termination at 21

R34/L - - - - - - - - - - - -  CTA  - - -    - - -   - - - Arg 34/Leu

E35/K - - - - - - - - - - - -   - - -   AAG   - - -   - - - Glu 35/Lys

A36/P - - - - - - - - - - - -   - - -   - - -    CCT   - - - Ala 36/Pro

A36/A - - - - - - - - - - - -   - - -   - - -    GCG  - - - Ala 36/Ala

A36/S1 - - - - - - - - - - - -   - - -   - - -    TCA   - - - Ala 36/Ser

A36/S2 - - - - - - - - - - - -   - - -   - - -   TCT   - - - Ala 36/Ser

∆FREA - - - - - - - - - [                                  ]  - - - last 4 codons deleted

∆21–36 - - - - - -    [                                    ]  - - - last 16 codons deleted

PP46 - - - - - - - - - - - -   - - -   - - -    - - -   GGA longer ORF1 : 46 codons

PP97 - - - - - - - - - - - -   - - -   - - -    - - -   GGA longer ORF1 : 46 codons

Nucleotide mutations were introduced which modified either of the three initiator methionines or one of the four codons of the C-terminal 
end. Deletions were created which altered the length of the amino peptide sequence. 
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Quantitation of protein and mRNA. Cellular proteins 
(30 μg) were analyzed by Western blot using the hUCP2-
606 antibody and the cytochrome c antibody following 
a procedure described previously [10]. Signals were de-
tected and quantified with a CCD camera in the Gene 
Gnome apparatus (Syngene). The protein UCP2 signal 
was normalized using the corresponding cytochrome c 
value.
Northern analysis of total RNA extracted with the TRIzol 
reagent from cell culture (20 μg) or transfected cells 
(5 μg) was carried out as described previously [10]. The 
UCP2 mRNA signal was quantified using a Packard in-
stant imager, then normalized using the corresponding 
18S rRNA.

Flow cytometry. After 23 h in culture, approximately 
3 × 105 transfected cells were harvested in 1 ml DMEM 
supplemented with 5% fetal calf serum so that 1.5 × 104 

cells could be analyzed per minute in an EPICS XL-MCL 
flow cytometer (Coulter Electronics). Green fluorescence 
of the cycle 3 GFP or fusion protein was excited at 488 
nm and its emission was detected in the FL1 channel us-
ing a 525-nm band pass filter.

Dual luciferase assay. LucF and LucR were measured 
using the Promega DLR Assay System which allows si-
multaneous measurement of both luciferase activities. 
Twenty-four hours after transfection of COS-7 cells in 
12-well dishes, the cells were washed with PBS and lysed 
by addition of 250 μl of passive lysis buffer. After protein 
quantification in the supernatant of a 5-min centrifuga-
tion at 10,000 g at 4 °C, protein (20 μg) was added to 
100 μl of LARII and LucF activity was measured for 10 
s. After addition to the same tube of 100 μl of Stop and 
Glo Buffer, which stops the LucF reaction and contains 
the LucR substrate, LucR activity was measured for 10 s. 
The chemiluminescence signal was measured in a Ber-
thold luminometer.

Results

The protein-to-mRNA ratio as a measure of transla-
tion efficiency. The use of different mutated plasmids 
(Table 1) derived from the UCP2 expression vector 
(pUCP2) resulted in variable protein and mRNA levels 
(Fig. 2a–c). In these transient expression experiments it 
was possible to detect the UCP2 using cellular homog-
enates. Therefore, all the UCP2 produced was detected 
regardless of its intracellular location. Mutagenesis of 
the 5′UTR of the UCP2 mRNA was expected to change 
the protein expression level. In contrast, that the differ-
ent expression vectors would produce slightly variable 
UCP2 mRNA levels was unexpected. The reason for 
this is unknown but seems to be linked to the vector se-

quence and not to the plasmid preparation since it was 
reproduced with different plasmid preparations of the 
same vector. Although these mRNA variations did not 
reach statistical significance, a simple quantification of 
UCP2 protein level could not accurately reflect the UCP2 
mRNA translation efficiency. The protein-to-mRNA ra-
tio (Fig. 2d) was thus used to estimate the relative trans-
lational efficiency of the various mutated forms of the 
UCP2 mRNA (UCP2 yield). For an easier comparison 
between the wild-type and mutants, a change of scale was 
made by multiplying all values by the constant that set 
the value of the UCP2 yield of the wild-type vector equal 
to 1 (Figs. 2–4). Probing the mRNA in Northern blots 
also ensured that the mRNA transcripts produced from 
these constructs were full-length, and eliminated the pos-
sibility that some translational effects would be ascribed 
to accumulation of 5′ shortened mRNAs (Fig. 2a). We 
checked for the relevancy of collecting cells 23 h after 
transfection by examining the kinetics of appearance of 
mRNAs with the wild-type and two mutants A36/S1 and 
ATG3/stop giving, respectively, the highest or the lowest 
level of mRNA. There were no variations in the kinetics 
of mRNA accumulation (data not shown), thus validating 
our protocol.
The woATG mutant was presented in a previous report 
[pUCP2-ATG in ref. 10]. The change in UCP2 yield with 
the woATG mutant shown here (Fig. 2d) is not quantita-
tively in agreement with this previous study [10]. The 
present evaluation is certainly closer to reality than the 
high values obtained previously [10] since these earlier 
studies used autoradiographic films whose quantitative 
reliability could be questioned. The same was observed 
with the physiological induction of UCP2 in mice [com-
pare refs. 10 and 28]. Another mutant with a large dele-
tion in the 5′UTR of the UCP2 mRNA leading to the 
loss of uORF and considerable shortening of the 5′UTR 
(pUCP2-ORF1) had also been used [10]. The UCP2 
yield of this deletion mutant was also re-evaluated and 
whereas a previous study (made by autoradiography) 
suggested that UCP2 translation might be fifty times 
more efficient, the present measurement system down-
graded this factor to 10.7 ± 2.9 in CHO cells (n = 11) 
and 7.5 ± 1.9 in COS cells (n = 12). It should be noted 
that both methods indicated that the shortening of the 5′ 
end has more effect than the mere suppression of ATGs 
(woATG).

Mapping critical sites within ORF1. From our previ-
ous work, we expected that decreasing the probability 
of translation initiation at the ORF1 would increase the 
UCP2 yield. This was explored further (Fig. 2d). Sup-
pression of any single ATG codon caused no increase in 
the UCP2 yield (ATG1, ATG2, ATG3). Suppression of 
two ATGs (ATG1-2, ATG2-3) resulted in a significant 
stimulation, as did suppression of all ATGs (woATG). 
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However, the strongest stimulation (an about threefold 
increase in UCP2 yield) was obtained after truncation of 
the ORF1 by replacing the third ATG codon by a stop 
codon (ATG3/stop). Identical results were obtained after 
transfection of CHO-K1 or COS-7 cells.
Shortening the ORF1 by the ATG3/stop mutation length-
ened the intercistronic region between ORF1 and ORF2 
(UCP2 coding sequence) from 137 to 185 nucleotides. 

The deletion of the nucleotide sequence coding for this 
C-terminal part of ORF1 (48 nucleotides) in mutant ∆21–
36 restored the normal space (137 nt) between the end of 
the truncated ORF1 and the UCP2 initiating codon. This 
did not restore inhibition (Fig. 3). Replacing the normal 
stop codon by a glycine codon displaces termination at 
the following stop codon. This results in a longer ORF1 
now containing 46 codons (PP46) and in a shortened in-
tercistronic sequence (107 nucleotides). This shortening 
did not decrease UCP2 yield (Fig. 3). These results do not 
support the hypothesis that the UCP2 yield depends on 
the length of the intercistronic sequence between ORF1 
and ORF2. Another mutant was produced in which the 
translation of ORF1 continues to a stop codon within the 
UCP2 coding sequence (PP97). This mutation signifi-
cantly reduced UCP2 translation but did not abolish it 
(Fig. 3).
Following the previous observations, the 3′ end of ORF1 
was modified by several mutations. The conservation of 
the last amino acids involves two charged amino acids 
arginine 34 and glutamate 35 (Fig. 1). Conversion of the 
arginine 34 codon into a leucine codon (R34/L) slightly 
increased the UCP2 yield (Fig. 3). Inversion of the amino 
acid charge at codon 35 (E35/K) had a similar but not sig-
nificant effect. Change of alanine 36 into proline (A36/
P) or deletion of the last four codons (∆FREA) did not 
change the UCP2 yield. In contrast, the synonymous mu-
tation A36/A significantly increased UCP2 yield. More-
over, introduction in the same place of a serine, the amino 
acid found in fish ORF1, with the two synonymous mu-
tants (A36/S1 or A36/S2) resulted in significantly differ-
ent effects. These results suggested that the nucleotide se-
quence, more than the amino acid sequence, determines 
the ORF1 effect on UCP2 yield.

ORF1 regulates translation of a reporter gene. In the 
following experiments, most of the mUCP2 coding se-
quence was replaced by the GFP reporter gene in order 
to test the inhibitory effect of the ORF1 in another con-
text. mUCP2 5′ UTR and the first 33 nucleotides of the 

Figure 2. Transient transfection with UCP2 expression vectors. (a) 
An example of Western blot and Northern blot analysis after tran-
sient transfection of CHO-K1. No UCP2 mRNA could be detected 
in CHO-K1 or COS-7 cells. No cross-reacting band was detected at 
a similar molecular weight with untransfected COS-7 or CHO-K1 
cells in Western blots. (b–d) Quantitative evaluation of the effect of 
the mutated versions of ORF1 on UCP2 protein (b), UCP2 mRNA 
(c) and protein/mRNA ratio (d). The values obtained after tran-
sient transfection of CHO-K1 (in white) or COS-7 (in gray) cells 
were determined as described in Materials and methods, and the 
results are expressed as the mean ± SE of at least five independent 
experiments. In this figure and others, the statistical analysis was 
done using the Mann-Whitney test (http://faculty.vassar.edu/lowry/ 
VassarStats.html): *p < 0.05, **p < 0.01. Unless it is clearly speci-
fied by dotted lines (d), statistical significance refers to comparison 
with the value of the wild-type (WT).
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ORF2 were cloned in frame with the GFP sequence in 
the pcDNA3.1/CT-GFP-TOPO expression vector, creat-
ing the WT-GFP plasmid. In this vector, suppression of 
the three ATGs of ORF1 gave the woATG-GFP plas-
mid. Green fluorescence (FL1) intensity was measured 
in a flow cytometer, 23 h after transient transfection of 
COS-7 cells. Figure 4 shows the dot plots (upper panel) 
and the curves (bottom panel, a) of a single representa-
tive experiment; the means of FL1 medians measured in 
several experiments are shown in b. The presence of the 
ORF1 upstream of the GFP reporter gene decreased both 
the percentage of FL1-positive cells (dot plots) and the 
mean fluorescence of FL1-positive cells (panels a and 
b), when compared with expression vectors in which no 
ORF1 was present in front of the GFP (woATG-GFP and 
GFP), which showed similar FL1 mean values (panel b). 
Thus, the inhibitory effect of the ORF1 was maintained in 
a new context and could be abolished by mutation of the 
three ATGs, as observed in mUCP2. In another series of 
experiments, the ATG3/stop mutation in front of the GFP 
was examined: the mean value of fluorescence reached 
9.16 ± 0.73 (mean ± SE, n = 5) with this mutant whereas 
the WT-GFP construct gave a value of 5.40 ± 0.74 in the 
matched measurements. Qualitatively, this gene reporter 
approach remained consistent with the experiments 
done with the vectors derived from the full-length UCP2 
mRNA. Experiments with these vectors and CHO-K1 
cells gave similar results (data not shown).

The 5′UTR does not contain any IRES. The effect of 
the IRES of EMCV in the pCREL vector is shown by 
the large increase (25-fold) in the Fluc/Rluc ratio ob-
served in comparison with the value obtained with the 
control (empty) vector pCRL (Fig. 5). Replacement of 
the EMCV sequence by the 5′UTR of mUCP2 in the 
intercistronic space of the pCREL bicistronic vector 
generated the pCRUL vector. No significant increase in 
relative luciferase activity was measured in COS-7 cells 
transiently transfected with pCRUL; an attempt made 
with CHO cells led to similar results. Therefore, the oc-
currence of an IRES in the 5′UTR is ruled out, excluding 
the mechanism of translation initiation of mUCP2 via 
an IRES.

Figure 3. UCP2 yield of mutants in ORF1. The effects of the mu-
tated versions of the ORF1 were evaluated by determination of the 
protein/mRNA ratio after transient transfection of CHO-K1 or COS-
7 cells. The results were pooled and expressed as the mean ±SEM 
of 12 to 23 determinations in independent experiments; *p < 0.05, 
**p < 0.01. Unless clearly specified by dashed lines, statistical sig-
nificance refers to comparison with the value of the wild-type (WT). 
The original Ala 36 codon GCG has a frequency of 0.29 in mice 
whereas the mutated form GCT (A36/A) has a relative frequency of 
0.1. The relative frequency of TCA (A36/S1) is 0.14 and that of TCT 
(A36S2) is 0.19 (http://gcua.schoedl.de/compare.html) [39].
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Figure 4. GFP as gene reporter of the ORF1 effect. Flow cytometry 
analysis of fluorescence intensity of transiently transfected COS-7 
cells. Upper panel: dot plots displaying green fluorescence (FL1) 
intensity of the cells measured in a single experiment and repre-
sented on a logarithmic scale of 1024 channels (x-axis) versus loga-
rithmic scale of light scatter (y-axis). FL1-positive cells considered 
as transfected cells are included in the polygonal area (FL1 high) 
defined with the control non-transfected cells. Their percentages 
are indicated in the windows. The GFP expression vectors used are 
schematized. Bottom panels: a, curves of fluorescence intensity of 
FL1-positive cells, discriminated by the polygonal window shown 
on dot plots. The curve obtained with control cells, which did not 
exceed 0.3%, is not shown; b, histogram interpretation, mean ± SE 
of the green fluorescence of positive cells (16 to 21 independent 
experiments).
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Discussion

Using several models of short-term variation in UCP2 ex-
pression, previous studies have shown that the induction 
of UCP2 expression in vivo is not necessarily accompa-
nied by a change in UCP2 mRNA [10]. Furthermore, the 
half-life of the protein remains constant in the several ex-
perimental models used (S. Rousset and A. M. Cassard-
Doulcier, personal communication). Therefore, induction 
of UCP2 expression is explained by enhanced translation 
of a given pool of mRNA. The discrepancy between the 
easily detectable mRNA level and the hardly detectable 
protein level associated with the structure of mRNA sug-
gested that induction of UCP2 mRNA translation in fact 
relies on the release of an inhibited state of translation. 
Before this hypothesis could be tested, two steps had to be 
completed: (i) the construction of mutants of the UCP2 
mRNA where inhibition of UCP2 translation is lost, (ii) 
the validation of a protocol of induction of UCP2 transla-
tion, usable in vitro with transiently transfected cells. Ac-
cording to our hypothesis, the mutants evidenced during 
step 1 would show a constitutively high expression level 
lowering the induction factor to 1. The aim of the study 
presented here was to accomplish the first step.
Our previous work used the full-length UCP2cDNA in-
serted into the pcDNA3 expression vector. With this strat-
egy we demonstrated the inhibitory role of the ORF1. 
We decided using this same transfection system to study 
in greater detail the inhibitory role of the ORF1 and to 
obtain clues about the initiation mechanisms explaining 

UCP2 production by the bicistronic UCP2 mRNA. The 
production of the entire UCP2 mRNA by the expression 
vector allows the conservation of all the regulatory ele-
ments putatively present in the mRNA which would be 
required if some long-range interaction (such as base 
pairing in secondary structure) is involved in the regula-
tion of translation of UCP2 mRNA. However, it has some 
limitations since it restricts the analysis to cells in which 
endogenous UCP2 expression is minimal (null) and which 
may, therefore, lack other factors involved in the physi-
ological regulation of UCP2 translation. In fact, a study 
with cells expressing endogenous UCP2 would have 
been difficult for the following reasons. (i) It would have 
required distinguishing the transfected from the endog-
enous gene product both at the mRNA and protein levels, 
which would have brought many complications unless a 
reporter gene was used. (ii) The gene reporter approach is 
usually considered as valid if the variations in its expres-
sion match with those of the product of the studied gene. 
At the time this study was initiated we were unaware of 
treatments able to induce endogenous UCP2 expression 
and validation of the gene reporter approach would have 
been impossible. Therefore, we had little choice about the 
strategy to be used, and forthcoming studies will need to 
address the validity of the model used here with regard to 
physiological induction of UCP2 expression.
UCP2 production from wild-type mRNA reveals that 
translation is not amenable to strict application of the 
scanning model which would make the first ATG codon 
the sole initiating codon. This may be explained by sev-
eral different mechanisms: (i) the ribosomes ignore the 
first three ATGs of ORF1, either by leaky scanning or 
by a shunting mechanism bypassing the ORF1; (ii) the 
presence of an IRES, allowing ribosomes to enter the 
UCP2 mRNA downstream of ORF1, so that the ATG of 
UCP2 would be the first encountered; (iii) according to 
the reinitiation model, after ceasing translation at the stop 
codon of the ORF1, the ribosomal subunit (40S) remains 
available for a second round of initiation at the ATG of 
UCP2. Induction of UCP2 expression may occur through 
the enhancement of any of these mechanisms and the dif-
ferent mutations introduced in the ORF1 are expected to 
provide information about their relative importance.

Mechanisms explaining initiation at the ATG of UCP2. 
Our studies revealed that the IRES hypothesis can be 
ruled out (Fig. 5). Therefore, the translation of UCP2 has 
to be explained by ribosomes initiating scanning at the 
5′ end (cap) of the UCP2 mRNA. In the PP97 mutant, 
the stop codon of ORF1 lies within the ORF2 sequence, 
a situation that makes reinitiation at the ATG codon of 
ORF2 impossible [14]. Therefore, leaky scanning and/
or shunting must explain UCP2 production in the PP97 
mutant, which has retained 60% of the UCP2 yield of 
the wild-type (Fig. 3). Conversely, it would be expected 

Figure 5. No evidence for an IRES. Bicistronic vector constructs 
contain the Renilla luciferase (LucR) gene upstream of the firefly 
luciferase (LucF) gene under the control of the CMV promoter. The 
negative control construct, pCRL, does not contain any IRES in the 
intercistronic space. In the pCRUL vector, the 5′UTR of mUCP2 
was cloned into the intercistronic space. pCREL, the positive con-
trol for IRES function, contains the IRES of EMCV. Cells were 
transiently transfected and were prepared for the measurement of 
Rluc and Fluc activities 24 h later with the Promega DLR Assay 
System. Ratios of firefly luciferase activity to Renilla luciferase 
activity were determined to evaluate IRES activity. Relative IRES 
activities were normalized to the control vector. The results are ex-
pressed as the mean ± SE of five independent experiments, each 
employing triplicate transfections of COS cells, **p < 0.01. An 
experiment made with CHO cells produced similar results: ratio 
pCRUL/pCRL = 1.4 and ratio pCREL/pCRL = 37.
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that reinitiation explains about 40% of the UCP2 yield by 
wild-type mRNA.
General considerations about the mechanisms involved 
in the leaky scanning, shunting or reinitiation processes 
could lead to predictions about the effect of mutagene-
sis in the ORF1: leaky scanning or shunting rely on the 
probability of initiation at any of the ATGs of the ORF1. 
This should be heavily influenced by mutagenesis of, or 
around, these ATG codons. In this study, no critical ATG 
could be found in the ORF1 (Fig. 2), which is consis-
tent with the similar agreement of the nucleotides sur-
rounding each of these ATGs with the Kozak consensus 
sequence [29]. Accordingly, if leaky scanning explains 
UCP2 translation, the diminution in number of ATGs in 
ORF1 should increase the UCP2 yield. This is not the 
case when the ATG number is lowered from three to two 
in the single ATG mutants ATG1, ATG2 and ATG3. More-
over, with two ATGs left, ATG3/stop showed the highest 
UCP2 yield (Fig. 2), significantly higher than that of the 
ATG1-2 mutant where only one ATG (the third) is left. 
These results indicated that the number of ATGs pres-
ent in ORF1 did not correlate negatively with the UCP2 
yield. This does not favor the hypothesis of leaky scan-
ning opposed to shunting. Reinitiation occurs after the 
translation of the ORF1 has taken place and this should 
be heavily influenced by the sequence of ORF1 itself and 
not uniquely by the probability of use of its ATGs. In fact, 
two parameters strongly influence the efficiency of the 
reinitiation. (i) The length of the intercistronic sequence: 
lengthening the intercistronic sequence increases the time 
available for the 40S ribosomal subunit to reacquire Met-
tRNAi, described as an important point of control for re-
initiation [30–32]. (ii) The length of the upstream ORF: 
a long uORF is an obstacle for reinitiation as reviewed 
in Kozak [14]. The length of the intercistronic region is 
not the explanation for the increase in UCP2 yield in the 
ATG3/stop mutant since it is also observed in the ∆21-36 
mutant. Shortening ORF1 (ATG3/stop, ∆21-36, ATG1-2) 
increased UCP2 yield. In contrast, the results shown with 
the ATG2-3 (length of ORF1 unchanged) and the ATG1 
(shorter ORF1) mutant do not support a hypothesis that 
the length of the uORF is the obstacle for the translation 
of the ORF2. It seems, therefore, that when parameters 
thought to influence either leaky scanning or reinitiation 
on a general basis are used, they failed to produce a con-
sistent picture. Consequently, this calls for some specific-
ity in the sequences of the ORF1 involved. 

The 3′ domain of the uORF. It is remarkable that the 
ATG1-2 mutant and the ATG3/stop mutant, which result 
in non-overlapping sequences for ORF1, produced sig-
nificantly different stimulation of UCP2 mRNA transla-
tion. In fact, these mutants pointed to the sequence down-
stream of the third ATG codon as a major determinant in 
lowering the UCP2 yield. This hypothesis was corrobo-

rated by subsequent results (∆21-36, R34/L, A36/A, A36/
S1 mutants in Fig. 3). Since cotransfection experiments 
did not support a possible effect in trans of the encoded 
peptide [C. Hurtaud and C. Gelly, unpublished data], the 
relatively high conservation of the amino acid sequence 
encoded by the 3′ end of ORF1 (Fig. 1) suggested an in-
fluence of the amino acid composition probably acting 
in cis through direct interaction between the peptide and 
translation machinery, as described in prokaryotes [33, 
34] and eukaryotes [24, 35–37]. Changing the boundaries 
of this 3′ region (∆FREA, PP46 in Fig. 3) had no effect, 
whereas the use of synonymous codons produced diver-
gent effects (A36/A, A36/S1, A36/S2 in Fig. 3); both ar-
gue against this cis-acting effect of the encoded peptide. 
These synonymous mutants demonstrated a role for the 
nucleotide sequence at the 3′ end of the ORF1.
Therefore, on the one hand, translation of the region from 
ATG3 to the stop codon of ORF1 seems to cause inhibi-
tion of UCP2 translation since its truncation by a stop co-
don (ATG3/stop) or deletion (∆21-36) of the nucleotides 
produced a similar increase in UCP2 yield. On the other 
hand, the amino acid sequence of translated ORF1 seems 
to be irrelevant but the nucleotide composition clearly 
matters. This suggests an interaction between the transla-
tion process as such and something else related to the nu-
cleotide sequence of the mRNA. We attempted to analyze 
the secondary structure of the mRNA by computing [38]. 
Unfortunately, no clear evidence could be gathered for a 
link between a given structure modification and increase 
in the UCP2 yield (data not shown). In fact, we have no 
indication yet of the extent of the sequence that is relevant 
to examine. On the one hand, it would be legitimate to use 
the entire mRNA sequence, on the other, both the scan-
ning model and the experiments with the GFP reporter 
gene call for a restricted analysis.

Conclusions and perspectives. It must be recalled that 
although the maximal increase (about threefold) obtained 
by mutagenesis of the ORF1 was similar to the in vivo 
increase in UCP2 expression observed upon fasting and 
lipopolysaccharide treatment in lung, spleen and intestine 
[28], we still have no guarantee that ORF1 is indeed in-
volved in this regulation of UCP2 expression. A protocol 
of induction of UCP2 translation compatible with cell 
transfection is now required to reach a conclusion.
Our previous observations [10] and this study suggest that 
in considering a role of the ORF1, different mechanisms 
could be recruited for the stimulation of UCP2mRNA 
translation. They are illustrated by the two mutants, 
woATG and ATG3/stop. While the interpretation of the 
woATG mutant is obvious, the mechanism by which the 
ATG3/stop mutation increases the UCP2 translation re-
mains undefined. Schematically, either the mutations in 
the 3′ end of the ORF1 make the initiation at the ORF1 
less efficient or they stimulate reinitiation. Distinction 
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between these two possibilities would require further 
mutagenesis studies with the present system. In contrast, 
the use of a protocol of induction of UCP2 translation 
in vitro with the PP97 mutant would help to unravel the 
involvement of reinitiation. Therefore, induction of the 
UCP2 translation in vitro, its relevance to physiology, and 
examination of the role of the ORF1 will be the subject of 
our forthcoming studies.
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